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(Glc)n： (glucose)n； 
BGL: p-glucosidase (EC 3.2.1.21; p-D-glucoside glucohydrolase; or cellobiase); 
BGL-I: p-glucosidase-I; 
BGL-II: p-glucosidase-II; 
BSA: bovine serum albumin; 
cAMP: adenosine-3',5-cyclic phosphate; 
CBD: cellulose-binding domain; 





CMCase: carboxymethylcellulase or endoglucanase; 
DP: degree of polymerisation; 
dry wt.: dry weight; 







FITC: fluorescein isothiocyanate isomer I conjugate; 
G6P: glucose-6-phosphate; 
GlcNac: A^-acetylglucosamine; 
IEF: isoelectric focusing; 
kD: kilodalton; 




mol. wt.: molecular weight; 
PAGE: polyacrylamide gel electrophoresis; 
PDA: potato dextrose agar; 
PDB: potato dextrose broth; 
pI: isoelectric point; 
PNP: j!7-nitrophenol; 
PNPG: p-nitrophenylpyranoglucoside; 
SDS: sodium dodecyl sulfate; 
SEM: scanning electron microscope; 
TEM: transmission electron microscope; 
TRITC: tetramethylrhodamine isothiocyanate conjugate. 
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Purification, characterization and localization of cellulolytic enzymes produced by the 
straw mushroom, Volvariella volvacea 
Abstract 
The edible straw mushroom, Volvariella volvacea (Bull ex Fr.) Sing., is a fungus 
indigenous to the tropics and sub-tropics. It is the world's fifth most important cultivated 
edible mushroom. Despite its commercial importance, very little is known about the 
biochemistry involved in the breakdown of the cellulosic wastes used for industrial scale 
cultivation. 
The cellulolytic system of V, volvacea is composed of endoglucanase (EC 
3.2.1.3), cellobiohydrolase (EC 3.2.1.91) and p-glucosidase (EC 3.2.1.21). Production of 
(EG), cellobiohydrolase (CBH) and p-glucosidase (BGL) by V. volvacea (V-14) grown 
on various substrates including sugars and complex polysaccharides was examined. EG 
and CBH activity was detected only in culture liquids; no significant EG and CBH 
activity was detected in extracts of fungal mycelia grown on all the substrates tested. 
Each functional enzyme activity resided in more than one protein species, and at least 
five cellobiohydrolases, five endoglucanases and two p-glucosidases were identified by 
gel electrophoresis. Many of these proteins exhibited similar physico-chemical 
properties (e.g. isoelectric points, molecular mass) making difficult the separation of 
individual components by conventional biochemical techniques. However, after 
treatment with polysaccharidase digesting enzymes (i.e. a-amylase and p-laminarinase), 
III 
several of the extracellular cellulolytic enzymes including EG-III (pI 4.9) and two CBH 
(Mr 17 kDa) were purified to electrophoretic homogeneity using ionic exchange 
chromatography, gel filtration and isoelectric focusing. 
Volvariella volvacea produced P-glucosidase activity when grown in liquid 
culture on a variety of carbon sources including cellulose, cellobiose, salicin, sorbose, 
lactose, esculin, cotton wool and filter paper. Two cell-associated p-glucosidases, BGL-I 
and BGL-II, were purified 32-fold and 23-fold, respectively to homogeneity from extracts 
of cellulose-grown mycelium. The purification procedure included DEAE-Sepharose 
chromatography, Sephacryl S-200 chromatography, and fast protein liquid 
chromatography (FPLC) using Mono-Q and Mono-P anion-exchange columns. Gel 
filtration and sodium dodecyl sulfate-polyacrylamide gel electrophoresis indicate that 
BGL-I was a trimer with a molecular weight of approximately 158,000 and was 
composed of two subunits with molecular weight of about 54,000 and one subunit of 
molecular weight about 64,000. BGL-II was also trimeric with a native molecular weight 
ofapproximately 256,000 and composed of three equal subunits with molecular weight of 
, 參 
about 87,000. The isoelectric points for BGL-I and BGL-II were 5.6 and 5-5.2, 
respectively. Both isozymes displayed relatively broad pH optima, with maximum 
reaction velocities recorded at pH 7.0 for BGL-I and pH 6.2 for BGL-II, and were rapidly 
denatured at temperatures of 60°C and above. Purified BGL-I and BGL-II were both 
active against j!7-nitrophenyl-p-D-glucopyranoside, p-nitrophenyl-a-L-arabinofuranoside, 
j9-nitrophenyl-a-D-glucopyranoside, cellobiose, salicin and esculin, but only BGL-I was 
active against ;7-nitr0phenyl-P-D-xyl0pran0side. BGL-I and BGL-II exhibited K^ values 
III 
for /7-nitrophenyl-P-D-glucopyranoside of 90 and 500 ^iM, respectively. The activity of 
both isozymes was inhibited by Hg2+, Cu�+，catanospermine, p-chloromercuribenzoate, 
aminopyridine, 5-gluconolactone, N-ethylmaleimide, vanillin, ferulic acid and imidazole 
compounds. BGL-I was also inhibited by Co2+，and BGL-II by Zn2+, isopropyl-P-D-
thioglucopyranoside, 4-phenylpyridine, 4-hydroxybenzaldehyde, and 4-hydroxycinnamic 
acid. Glucose production from microcrystalline cellulose and carboxymethylcellulose by 
a commercial cellulase preparation was enhanced by 9.7% and 1.1%，respectively in 
reaction mixtures supplemented with BGL-II. 
Confocal laser scanning microscopy in combination with immunolabelling using 
the anti-P-glucosidase antiserum (raised by subcutaneous injection ofBGL-I and BGL-II 
into a rabbit) and fluorescent dye conjugated (FITC) secondary antibody revealed that p-
glucosidases were located in the regions surrounding the tips of hypha grown on 
cellulosic substrates. Intense labelling was also observed in the cell interior ofhyphal tips 
but not in the interior of old hyphae. Hyphal regions located some distance behind the 
hyphal tip appeared to be surrounded by a mucilage sheath which retained the secreted P_ 
glucosidase. No labelling was observed in control hyphae grown on glucose (1 %) where 
enzyme activity is suppressed. Electron microscopy in combination with 
immunolabelling using anti-p-glucosidase antiserum and secondary anti-rabbit antibody 
gold conjugates revealed that the transport of P-glucosidases within the hyphal cells is 
carried out via vesicles which fuse with the plasma membrane and release the p_ 
glucosidase enzymes. During enzyme secretion, the p-glucosidase-transporting vesicles 
appeared to be derived from large vacuole structures. The p-glucosidases appeared to 
III 
associate with and concentrate at the plasma membrane before transportation through the 
cell walls. 
Confocal microscopy in combination with immunolabelling using anti-EG-III 
antiserum raised in mice revealed that EG-III is located in the region surrounding the 
hypha tip and within the hyphae sheath. No significant EG-III activity was detected 
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1.1 Biochemistry ofCellulose Degradation 
1.1.1 Occurrence, distribution and structure ofceiiulose 
The term "Cellulase" describes an enzyme complex which is involved in the 
degradation of cellulose. Cellulose is the most abundant organic polymer in the 
biosphere and about 4-7 x 10'° tons, or 40% of the total biomass, is generated every 
year through photosynthesis. In plant cell walls, cellulose is generally associated with 
two other biopolymers, hemicellulose and lignin, to form a complex matrix. Cellulose 
is the main structural constituent of the cell walls of higher plants. Its occurrence in 
plant cell walls is related to the capacity of plant cells to withstand osmotic pressure 
and to resist mechanical stress. The mechanical strength of cellulose is particularly 
obvious in the case of wood and textile fibres which consists of the walls ofelongated, 
empty cells. Thus, wood and cotton fibres are the most common sources of this 
biopolymer, and contain 40-50% and 90% cellulose, respectively. 
Cellulose is a linear polymer composed of glucose (Fig. 1-1). Each glucose 
residue is rotated by 180 and linked by P-1,4 glycosidic bond to another glucose, so 
that the basic repeating unit is cellobiose. Cellulose chain lengths vary between 100-
14000 residues. Thus, cellulose molecules are macromolecules, and their size is 
usually given in terms of the degree of polymerization (DP), i.e., the number of 
glucose molecules in the cellulose molecule. 
Cellulose chains are oriented in parallel and form highly ordered, crystalline 
domains interspersed by more disordered, amorphous regions. These chains associate 
via numerous intra- and intermolecular hydrogen bonding and van der Waals 
1 
interactions to form rigid and insoluble microfibrils (or fibrils). According to 
literature describing the structure of microfibrils, different types of microfibrils can be 
distinguished at the ultrastructural level (Coughlan 1985; Eriksson et al. 1990; Beguin 
and Aubert 1994). Sub-elementary microfibrils only consist of a few glucan chains 
(10-15) and exhibit very low crystallinity. The sub-elementary microfibrils can 
associate and form the elementary microfibril of high crystallinity (40 glucan chains, 
diameter of 3SA). Cellulose microfibrils are normally organized in parallel and form 
sheets, each sheet having a different orientation. Bundles of the elementary 
microfibrils aggregate to form the inert and insoluble fibres of considerable strength 
characteristic of plant cell walls. 
Cellulose crystallinity varies and depends upon the source and pretreatment. The 
degree of crystallinity can vary from 0 (e.g. amorphous cellulose, acid-swollen 
cellulose) to nearly 100% (e.g. native cellulose). Cellulose from cotton is about 70% 
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Fig.l-1 Structure of cellulose. (A) p_glycosidic linkage of glucose units. 
(B) Schematic structure of cellulose microfibril (Beguin and Aubert 1994). 
1.1.2 Cellulose-degrading microorganisms 
Although some of the annual production of cellulose is bumt or converted by 
chemical means, most will ultimately be degraded and re-enter the carbon cycle via 
the biological activities of fungi and bacteria. Unlike green plants and algae, 
filamentous fungi and most bacteria lack chlorophyll and are unable to convert solar 
energy into food (i.e. organic carbon) for growth. Instead, these organisms produce a 
battery of extracellular hydrolytic and oxidative enzymes which depolymerise 
cellulose and other polymers into more readily utilizable low molecular weight 
compounds. The breakdown products then pass through both the microbial cell wall 
and plasma membrane and serve as energy sources andA>r precursors in cell 
biosynthesis. This mode of nutrition is referred to as absorptive nutrition. 
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1-1-2.1 Cellulolvtic bacteria 
Cellulolytic bacteria produce endoglucanases and P-glucosidases but not 
cellobiohydrolase. Bacterial cellulolytic systems, referred to as cellulosomes, 
therefore exhibit little activity on highly crystalline cellulose but are effective in 
hydrolysing amorphous and carboxymethyl cellulose. Cellulolytic bacteria include 
many actinomycetes, e.g. Cellulomonas spp., Streptomyces viridosporus 
(Ramachandra et al. 1987), and anaerobic rumen bacteria (e.g. Clostridium spp., 
Cytophaga spp., Polyangium cellulosum, Pseudomonas spp. and Sporocytophaga 
myxococcoides). 
1.1.2.2 Cellulolytic fungi 
Cellulolytic fungi include many basidiomycetes (e.g. Pleurotus spp.and Agaricus 
bisporus), ascomycetes (e.g. Chaetomium spp., Stachybotrys atra) and deuteromycetes 
{Trichoderma spp.). In general, brown-rot basidiomycetes produce only endoglucanase 
and P-glucosidase, whereas ascomycetes, deuteromycetes and white-rot 
basidiomycetes produce a complex of cellulolytic enzymes consisting of 
,• 
endoglucanase, cellobiohydrolase and P-glucosidase. 
A more detailed list of cellulose-degrading micro-organisms can be found in 
reviews of Coughlan (1985) and Eriksson et al. (1990). 
1.1,3 An overview of fungal celluloses 
The first studies on cellulases, carried out with the filamentous fungi 
Trichoderma spp., can be traced back to the middle of 20th Century. The capacity for 
cellulose digestion was found to relate to the production of hydrolytic enzymes termed 
4 
cellulases, the first scientific description of which was published in 1950s. These ealry 
studies were conducted with the filamentous fungi, T. viride and T. koningii (Reese et 
al. 1950; Halliwell 1965). It is now known that cellulose hydrolysis is a complex 
process involving several enzymes. The earliest attempt to explain the complexity of 
enzymic hydrolysis of cellulose was the C r Q hypothesis. When the cellulolytic 
activities of various fungi towards native cellulose and various cellulose derivatives 
were compared, many fungi capable of utilising chemically modified cellulose (e.g. 
carboxymethylcellulose) were found to have little hydrolytic power on native cellulose 
(e.g. cotton fibre). Hydrolysis of native cellulose appeared to require other types of 
cellulases. These observations showing that some fungal cellulolytic enzymes are able 
to hydrolyse crystalline cellulose to glucose, while others only attacked amorphous 
and soluble cellulose derivatives led Reese et al. (1950) to propose that a cellulolytic 
organism produces at least two cellulases, Cj and Cx which acted synergistically. The 
C, component was considered to be active in the hydrolysis of cellulose which had a 
high degree crystallisation and to render such cellulose susceptible to the catalytic 
.» 
activity of Q. The CpCx hypothesis was later modified following the recognition of 
another enzyme, cellobiase (P-glucosidase). P-Glucosidases hydrolyse the end 
product of cellulose degradation, cellobiose, into glucose (Reese 1956). Halliwell 
(1965) observed the formation ofvery short fibres in the early enzymic breakdown of 
cotton fibres by T. koningii cellulase. The quantity of short fibres decreased gradually 
in the late stage of hydrolysis and a conversion of the short fibres into glucose 
occurred at the same time. The CpCx model has been accepted for a long time as the 
5 
mechanism of cellulose biodegradation by cellulases and, since its inception, 
considerable effort has been expended in trying to isolate Cj, C^ and cellobiase. 
Certain modifications of the original hypothesis have been proposed in subsequent 
reports. From cultures of the mold Myrothecium verrucaria, Whitaker (1953) isolated 
a cellulase which exhibited about the same activity toward five cellulosic substrates 
which differed in the degree of polymerisation, from non-degraded native cellulose 
(high DP) to cellulose derivatives (low DP). Accordingly, the action mode of enzyme 
for cellulose breakdown was proposed to be be an unienzymatic process. Halliwell and 
Riaz (1970，1971) observed the formation of short fibres during the early stages (e.g. 
within 20 hours) of hydrolysis of native cellulose (cotton fibres). This short fibre 
generating activity was attributed to a new cellulase component, C2, and a synergistic 
action between C2 and Cx was considered to be mainly responsible for the hydrolysis 
of native cellulose. Wood and McCrae (1972) reported that Cj and C^ acted 
synergistically to hydrolyse cellulose and suggested that the order of attack on 
cellulose by Ci and C^ is reversed; i.e. Cx is the enzyme which initiates the attack on 
. • 
the amorphous regions of the glucan chain and exposes the crystalline regions for Cj. 
More recently, Armesilla et al. (1994) identified an extracellular protein, CEL1, with a 
molecular weight of 49.8 kDa from cultures of the edible mushroom, Agaricus 
bisporus grown on a cellulosic substrate. These authors claim that the CEL1 protein 
binds to cellulose and produces soluble sugars from crystalline cellulose and does not 
resemble any known cellulase proteins produced by fungi. However, details of the 
isolation procedure have not yet been published and it remains to be confirmed if the 
6 
purified form is capable of hydrolysing cellulose. In an earlier study, the cellulase 
components produced by this edible fungus were shown to share similar properties 
with other fungal cellulases (Manning and Wood 1983). 
Although the debate surrounding the mechanism of cellulose hydrolysis 
continues, and indeed a general mechanism which includes the action modes of all 
fungal cellulases might not exist, our knowledge of fungal cellulases has accumulated 
dramatically as a result of research conducted over the past four decades. With the 
development ofenzyme purification techniques, numerous investigations have sought 
to determine the activity and mode of action of isolated cellulase components towards 
native cellulose andA)r intermediates released during hydrolysis. Although enzymes 
such as glucohydrolases (Rao and Mishra 1989), cellobiose oxidases and cellobiose 
dehydrogenases (Kremer and Wood 1992; Bao and Renganathan 1992; Ander 1994) 
may play a role in cellulolysis, it is generally accepted that the conversion of native 
cellulose to glucose requires three types of enzymes, namely endoglucanase (EC 
3.2.1.3; 1,4-P-D-glucan 4-glucanohydrolase), cellobiohydrolase (EC 3.2.1.91; l,4_p_ 
‘• 
D-glucan cellobiohydrolase; or exoglucanase) and p-glucosidase (EC 3.2.1.21; P-D-
glucoside glucohydrolase; or cellobiase). Accordingly, the cellulolytic components 
referred to as C! and Cx in the early literature may correspond to cellobiohydrolase 
and endoglucanase, respectively. 
1-1.3.1 Endoglucanase (EG^ 
Numerous studies have shown that endoglucanases play a key role in the initial 
attack on the cellulose fibres, breaking these down into smaller fragments (Hayashida 
7 
and Mo 1986; Kyriacou et al. 1987). Endoglucanases are essential for effective 
hydrolysis of cellulose and the content of endoglucanases in a cellulolytic system is 
an important factor in determining the overall hydrolytic capacity. The efficiency of 
the cellulase complex from Trichoderma viride, for example, depends upon the 
relative amounts of cellobiohydrolases and endoglucanases and overall hydrolysis 
increases with increased levels of the latter (Sinitsyn et al. 1987). Moreover, the 
cellulase complex of Trichoderma reesei induced with cellulose-rich Solka Floc 
contains relatively little endoglucanase and exhibits poor cellulolytic power on 
crystalline cellulose (Evans et al. 1992). 
Endoglucanases are a component of virtually all cellulolytic systems of fungal 
origin. Some fungi are hyper-producers of endoglucanase and endoglucanase activity 
is reported to account for over 41% of the total protein in culture supematants of T. 
reesei RUT C-30, (Kyriacou et al. 1987). Many fungal endoglucanases occur in 
multiple forms and isoforms (Table 1-1). Using anti-endoglucanase specific antibody 
to detect the cellulases secreted into the culture liquid by T. reesei, Niku-Paavola et al. 
.» 
(1985) found that the endoglucanases produced by this fungus existed as a series of 
immunologically related components. In Fusarium lini, five endoglucanases were 
purified with molecular weights ranging from 40 to 65 kD (Rao et al. 1986). Oh and 
Park (1988) described up to fifteen endoglucanase isozymes in T. viride culture 
filtrates. The primary structures of endoglucanase isoforms produced by a particular 
fungus are sometimes quite different: for example, purified EG-I and EG-II from 
Sclerotinia sclerotiorum exhibited very little homology with respect to their N-
8 
terminal amino acid sequences (Waksman 1991). Fungal endoglucanases have been 
grouped into six types EG-I, EG-II, EG-III，EG-IV, EG-V and EG-VI. Types EG-I, 
EG-II and EG-III are the endoglucanases most often reported as components of fungal 
cellulolytic systems. EG-II accounts for most of the endoglucanase activity in T. 
reesei, and plays an important role in the overall hydrolysis of cellulose by this soft rot 
fungus (Suominen et al. 1993). Deletion of the EG-II encoding gene egl2 causes a 
significant drop in the ability of the fungus to digest filter paper. 
Table 1-1. Some physicochemical properties of endoglucanases from filamentous 
fungi: 
Fungi EG MW pI Carbohydrate Reference 
^X^ content (%) 










Trichoderma reesei EG 48 5.1 Macarron et al. 1993 
QM 9414 
Trichoderma reesei EG 67 Ogawa et al. 1991 
CDU-11 
Trichodermareesei EG 25.8 7.3 Massiot, 1992 
Trichoderma reesei EG-I ND 5.9 Kyriacou et al. 1987 
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Trichoderma reesei EG 43 4.0 2-7% Niku-Paavola et al. 
EG 56-67 5.0 2-7% 1985 
Trichoderma reesei EG 56 4.6 9.2% mannose Tikhomirov et al. 
EG 58 4.5 8.0% mannose 1987 
EG 59 4.25 8.1%mannose 
EG 60 4.0 15% mannose 
Trichoderma EG 55 5.25 Gamaetal. 1993 
longibrachiatum EG 70 4.7 
Trichoderma EG 115 positive Chemoglazov et al. 
longibrachiatum 1990 
Trichoderma EG 22.3 7.3 14.6 Huang et al. 1991 
koningii G-39 
Thielavia terrestris EG 200 Gilbert et al. 1992 
Thermomonospora EG 94 3.5 <1 Calzaetal. 1985 
fusca EG 46 4.5 25 
Sclerotinia EG 48 6.2 Waksman 1991 
sclerotiorum EG 34 3.7 
Schizophyllum EG 35.5 3.95 Prokop et al. 1994 
commune 
Robillarda sp. EG 59 3.5 Uziie and Sasaki 
. 1987 
Postiaplacenta EG 35 Clausen 1995 
EG 40 
Phanerochaete EG 44 4.3 Uzcategui et al. 1991 
chrysosporium EG 38 4.9 
EG 36 5.6-5.7 
Penicillium EG 25 7.4 7.9 Bhatetal. 1989 
pinophilum EG 39 4.5 9.7 
EG 62.5 4.1 12.2 
EG 54 3.7 10.9 
EG 44.5 4.0 18.2 
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Penicillium EG 20 4.45 Rao and Mishra 
funiculosum 1989 
Penicillium EG 87 Jun et al. 1992 
camemberti 
Neurosporacrassa EG-I 46.5 ND 29.4 Yazdi et al. 1990 
EG-II 21 ND 5.3 
EG-III 37 6.5 6.4 
EG-IV 30 5.5 6.4 
Myceliophthrora EG 52 4.65 22% Chemoglazov et al. 
thermophila ^988 
Geotrichum EG 67-70 4.6 6.8(mannose Rodionava et al. 
candidum 3.5%) 1990 
Gaeumannomyces EG 4.0 Dori et al. 1995 
graminis var. tritici EG 9.3 
Fusarium EG 41.7 6.4 Christakopoulos et 
oxysporum al. 1995 
Dichomitus EG-I 42 4.8 Rouau and Fogietti 
squalens EG-II 56 4.3 1985 
EG-III 47 4.1 
Coniophora puteana EG 60 3.55 Schmidhalter and 
Canevascini 1993 
.• 
Aspergillus terreus EG-I 78 Araujo and D'Souza 
EG-II 16 1986 
Aspergillus niger EG 43 Vidmar et al. 1984 
EG 25 
Aspergillus EG 94 3.8 Ledova et al. 1990 
japonicus EG 64.5 3.4 
Fusarium lini EG-I 47 8.0 Rao et al. 1986 
EG-II 23 8.3 
EG-III 45 6.6 
EG-IV 63 6.3 
EG-V 42 6.0 
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Production of fungal endoglucanases is greatly influenced by the prevailing 
growth conditions. In some cases, the source of carbon and nitrogen can markedly 
affect the level of enzyme production. Highest levels of endoglucanase production by 
the fungus, Phoma herbarum, were recorded when calcium nitrate [CaG^O3)2] served 
as nitrogen source compared to various other nitrogen supplements which included 
casein, ammonium chloride, asparagine, casein, peptone and urea (Shinde and 
Gangawane 1986). Gokhale and coworkers (1992) reported that some nitrogen 
sources, in particular urea, served to protect the cellulases of Aspergillus niger from 
inactivation caused by falls in pH values which often occurred during fermentation. 
Production ofendoglucanases by fimgi is often a cellulose-induced process. When 
Trichoderma hamatum cultures grown on cellulose, cellobiose, 
carboxymethylcellulose and starch were compared, cellulose was found to be the best 
substrate for endoglucanase production (Tan et al. 1986). Furthermore, the 
concentration of the cellulosic substrate also affects the titre of enzyme production. 
Maximum endoglucanase production by Aspergillus candidus was observed using 
carboxymethylcellulose as growth substrate at a concentration of 6mg/ml (Ortega 
1985). Interestingly, L(-)sorbose, sophorose, cellobiose and lactose are also good non-
cellulosic substrates for the production of fungal endoglucanases G^anda et al. 1986; 
Sahoo et al. 1986; Messner et al. 1988; McHale and Morrison 1986). 
Endoglucanase synthesis by many fungi is regulated by the level of reducing 
sugars present in the culture medium. Glucose (>0.075%) strongly inhibited the 
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biosynthesis of endoglucanases in cultures of A. niger grown on various substrates 
(Enache et al. 1985). The repression of endoglucanase synthesis by reducing sugars 
appears to be controlled by intracellular levels of cAMP and glucose-6-phosphate 
(Sestak and Farkas 1993). Studies which compared the production of endoglucanases 
by T. reesei grown in media supplemented with various sugars capable of undegoing 
phosphorylation (e.g. glucose) and non-phosphoryable sugars (e.g. 6-deoxyglucose, 
xylose, L-fucose and sorbose), a concomitant increase in intracellular cAMP levels 
and endoglucanase production was detected in those cultures incorporating non-
phosphoryable sugars. In cultures supplemented with phosphoryable sugars, an 
increase in the levels of glucose-6-phosphate occurred in synchrony with the 
repression of endoglucanase synthesis exhibited no effect on intracellular glucose-6-
phosphate levels or on endoglucanase synthesis. In several fungi including A. 
bisporus, Macrophomina phaseolina and Trichoderma harzianum, cDNA fragments 
cloned for endoglucanase were used in hybridization experiments with mRNA 
extracted from mycelia from cultures containing either cellulose or sugars. The 
absence of hybridisation between the cDNA probes and mRNA from cultures grown 
on glucose and fructose indicated that these sugars repressed the expression of 
endoglucanase genes (Raquz et al. 1992; Wang and Jones 1995; Lora et al. 1995). 
However, the suppressive effect of monosaccharides on endoglucanase synthesis is 
apparently not universal among all cellulolytic fungi. Cellulolytic enzyme activity, 
including endoglucanase, was detected in cultures of Trichoderma pseudokoningii 
grown on 0.2% (w/v) glucose (Ma et al. 1990) Although peak enzyme production 
13 
occurred when the level of glucose decreased to virtually zero, cellulase activity was 
readily detectable even when the concentration of glucose in the medium was as high 
as 0.15-0.18%. In some of the brown-rot fungi too, the repressive effect of reducing 
sugars on the production of endoglucanases is less prominent. In the case of 
endoglucanase production by Gloeophyllum traheum and Poria placenta, enzyme 
activity was actually found to be higher when the fungi were grown in the presence of 
reducing sugars such as glucose and mannose (Cotoras and Agostin 1992; Ritschkoff 
etal. 1995). 
Functionally, the majority of ftingal endoglucanases cannot hydrolyse native 
cellulose directly to glucose. Analysis of the hydrolysis products arising from the 
action ofisolated endoglucanases on different oligosaccharides with a defined number 
of glucose units, carboxymethylcellulose, microcrystalline cellulose and native 
cellulose led Ogawa et al. (1991) to claim that an EG from Trichoderma reesei was 
able to hydrolyse microcrystalline cellulose (Avicel), but not water soluble cellulose 
(e.g. CMC), to sugars. In a study involving the hydrolysis of cello-oligosaccharides 
by five endoglucanases (I, II，III, IV and V) isolated from Penicillium pinophilum 
(Bhat et al. 1989), none of the isolated endoglucanases showed activity toward 
cellobiose, but endoglucanases II，III，and IV were found to release reducing sugars 
from cellotetraose and cellopentaose. Bhat and coworkers (1990) used cello-
oligosaccharides of DP <6 and labelled with either a 4-methylumbelliferyl probe [e.g. 
MeUmb(Glc)n] or ^H-glucose to investigate the mode of action and site-specificity of 
the five endoglucanases isolated from Penicilliun pinophilum. These authors found 
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that EG-II, EG-III, EG-IV and EG-V attacked cello-oligosaccharides in a much more 
random manner than EG-I. Of the T. reesei cellulases, EG-III was found to release 
cellobiose (or the corresponding glycoside) preferentially from the reducing end of 
cellodextrins (Macarron et al. 1993). In a study which compared the enzymic 
hydrolysis of amorphous and crystalline cellulose by different cellulases from various 
microbial sources, Beldman et al. (1985) found that EG-I, EG-II and EG-IV were more 
random in their attack on carboxymethylcellulose, while EG-III was identified as 
having high activity on crystalline cellulose but moderate activity on 
carboxymethylcellulose. In summary, fungal endoglucanases exhibit very diverse 
reactions in terms of their mode of action and site-specificity on different 
oligosaccharides (see Wood, 1992). 
The reactivity of endoglucanases towards cellulose also depends on the ability of 
the enzyme proteins to bind to the cellulose substrate. Two endoglucanase fractions 
from T. viride were shown to differ in their affinity for cellulose, the endoglucanase 
with the higher affinity being more active in cellulolysis (Rabinovich et al. 1986). Kim 
.• 
et al. (1994) also reported a positive correlation between the extent of hydrolysis of 
microcrystalline cellulose and the adsorption ability of T. viride endoglucanases to 
cellulose; the higher affinity of the enzyme for cellulose, the more extensive the 
hydrolysis. Among the various cellulase systems described, EG-I apparently binds 
extensively to amorphous cellulose but exhibits only minimal binding to crystalline 
cellulose, while EG-III has a higher affinity for crystalline cellulose (Beldman et al. 
1985; Bhat et al. 1989; Nieves et al. 1991). Based on the results ofboth amino acid 
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sequencing and controlled proteolysis, fungal endoglucanases are known to consist of 
two functional domains: a catalytic active core and a protruding N-terminal domain 
which binds to insoluble cellulose. The binding domain and catalytic domain are 
located at the N- and C- termini, respectively (Teeri 1987; Stahlberg et al. 1988; 
Uzcategui et al. 1991; Aho et al. 1991;Nidetzky et al. 1994a). An endoglucanase-III 
from T. reesei lacking the binding domain consisting of 61 N-terminal amino acids 
showed markedly decreased adsorption ability and activity against microcrystalline 
cellulose (Avicel) (Stahlberg et aL, 1988). In a few cases, however, adsorption of 
enzyme to cellulose is apparently not necessary for cellulose hydrolysis. For example, 
Helle et al. (1993) incorporated the surfactants Sophorolipid and Tween 80 into 
enzyme reaction mixtures and observed that, although the amount of cellulase 
adsorbed to cellulose was reduced, the degree of cellulose hydrolysis was 
substantially increased. In summary, there is still very little information available 
about the mechanism(s) underlying the function of the catalytic sites of 
endoglucanases. 
.» 
1.1.1.2 Ce11obiohvdrolase (CBK) 
During the attack on cellulose, cellobiohydrolases rapidly remove cellobiose units 
from the newly formed non-reducing ends that are generated by endoglucanases and 
thus prevent the re-formation of glucosidic bonds. A p_glycosidic bond at the non-
勞 
reducing end of cellulose is necessary for recognition by CBH (Nidetzky et al. 1993). 
Some recently acquired data has revealed that fungal cellobiohydrolases not only 
hydrolyze cellulose, but might also be involved in other microbial degradative 
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activities. Evans et al. (1994) reported a chemically modified CBH-I from 
Trichoderma reesei possessing marked veratryl alcohol-oxidizing activity in the 
presence of hydrogen peroxide while the cellulolytic activity of the modified protein 
remained unchanged. Hydrogen peroxide-dependent oxidation of veratryl alcohol is 
generally used to assay for one of the enzymes, lignin peroxidase, considered to play a 
role in lignin degradation. 
Studies involving many fungi including Trichoderma spp., Penicillium spp., 
Aspergillus spp., Phanerochaete chrysosporium, Neurospora crassa and Coniophora 
puteana have shown that CBH exists in two forms, CBH-I and CBH-II, and that each 
form may also exist as different isoforms. The two basic types of CBH differ in their 
catalytic properties in terms of the site of attack on the glucan chain. The 
physicochemical properties of CBH-I an CBH-II characterised are summarized in 
Table 1-2. 
Table 2. Some physicochemical properties of fungal cellobiohydrolases (CBH): 
Fungi CBH MW pI Carbohydrate Reference 
2 ^ content (%) 
Trichoderma C l H T\ JTl Oh and Park 1988 
viride QM 9414 
Trichoderma CBH 48.4 11.3% Gum and Brown Jr. 1976 
viride 
Trichoderma CBH-I 76 Beldmanetal. 1985 
viride CBH-II 65 
CBH-III 62 
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Trichoderma CBH-I 4.1 Witte et al. 1990 
reesei CBH-II 6.15 
CBH-II 6.0 
Trichoderma CBH-I 65 4.1 Chen et al. 1993 
reesei CBH-I 58 3.8 
CBH-I 54 3.6 
Trichoderma CBH-II 58 6.3 8% hexose Niku-Paavolaetal. 1986 
reese 
i 
Trichoderma CBH-I 65 3.6- 10% hexose Nummi et al. 1983 
reesei 4.2 
Trichoderma CBHc 68 4.3 27% Schmid and Wandrey 
reesei 1990 
Trichoderma CBH 22 4.8 Maeng et al. 1986 
koningii 
Sporotrichum CBH 63.7 4.52 Fracheboud and 
thermophile Canevascini 1989 
Sporotrichum CBH 48.6 4.3 No sugar Eriksson and Hamp 1978 
pulverulentum 
Eriksson and Pettersson 
1975 
Sclerotium CBH 41.5 4.32 7% Patil and Sadana 1984 
, 參 rolfsii 
Penicillium CBH-I 60 8.6% Choetal . l991 
verruculosum CBH-II 66 4.2% 
CBH-III 76 8.5% 
Penicillium CBH-II 50.7 5.0 19% Wood andMacCrae 1986 
pinophilum 
Penicillium CBH 46.3 9% (88% Woodetal. 1980 
pinophilum mannose) 
Penicillium CBH 20 4.45 Rao and Mishra 1989 
funiculosum 
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Penicillium CBH 99 Jun et al. 1992 
camemberti 
Neurospora CBH-Ia 68.7 8.5 36.3 Yazdi et al. 1990 
crassa CBH-IIb 71.9 4.5 36.3 
Dichomitus CBH-Ia 39 4.6 Rouau and Odier 1986 
squalens CBH-IIb 35 4.5 
Coniophora CBH-I 52 3.5 Schmidhalter and 
puteana CBH-II 50 3.55 Canevascini 1993 
Aspergillus CBH-I 128 Hayashid et al. 1988 
ficuum CBH-II 50 
a，b； Referred to as Exoglucanase-I and Exoglucanase-II by the authors, but can be 
defined as cellobiohydrolase on the basis of activity on /7-nitr0phenyl-p-cell0bi0side. 
c: An enzyme with apparent CBH function but considered not to be CBH. 
Cellobiohydrolases hydrolyse crystalline cellulose, acid-swollen cellulose and 
soluble cello-oligosaccharides O^idetzky et al. 1993). The rate of hydrolysis is 
dependent upon the degree of polymerisation (DP) of the cellulose substrate. For 
example, cellulose with DP of 10,000 (e.g. cotton fibre) is hydrolysed less extensively 
compared with cellulose with DP of200 (e.g. Avicel). The main product of cellulose 
hydrolysis by CBH is cellobiose. Sprey and Bochem (1992) isolated a CBH from T. 
reesei cultures which produced glucose, cellobiose and cellotriose from Avicel and 
dewaxed cotton fibres. Cellobiose accounted for up to 80%, while cellotriose and 
glucose were formed in only small amounts. Schmidhalter and Canevascini (1993) 
studied the mode of action of two cellobiohydrolases, CBH-I and CBH-II, purified 
from the brown-rot fUngus, Coniophora puteana. Both CBH-I and CBH-II hydrolysed 
amorphous and crystalline cellulose to cellobiose and glucose with the ratio of 
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cellobiose to glucose determined as 5 to 1. Trace amounts of cellotriose were also 
detected but cellodextrins were virtually absent. Cellobiose is also the major product 
following hydrolysis of cello-oligosaccharides by CBH. Claeyssens et al. (1989) used 
various chromophoric or radioactively-labelled cello-oligosaccharides including 
cellotrioside, cellotetraoside, cellopentaoside and cellohexoside to analyse the mode 
of action of CBH produced by T. reesei and Penicillium pinophilum. Products of 
hydrolysis included glucose, cellobiose and cellotriose but predominantly cellobiose. 
CBH-I enzymes from both fungi were reported to attack the substrates in a random 
manner. Nidetzky et al. (1994b) also investigated the hydrolysis of several cello-
oligosacharides, with DP values ranging from 3 to 8，by CBH-I and CBH-II from T. 
reesei MCG77. Both enzymes were active towards all the cello-oligosaccharides 
examined but since CBH-I produced glucose from every substrate, this enzyme was 
not considered a true 1,4-P-D-glucanase. When this enzyme was incubated with 
cellulosic substrates of different DP, the highest initial velocity of substrate 
degradation was recorded for DP 6. Km values decreased from DP 4 to 6 and 
• • 
remained constant for higher DP (>6), indicating that the active site of CBH-I spans at 
least six glucosyl-units. Similarly, Schmid and Wandrey (1990) reported an enzyme 
with apparent cellobiohydrolase activity from T. reesei QM9414 which hydrolyzed 
various soluble cellulosic oligomers with DP values ranging from 2 to 7. 
Cellobiohydrolases isolated from several ftmgi also attack soluble substituted 
cellulose (e.g. carboxymethylcellulose). Isoenzymes of CBH-II from several fungi are 
reported to possess endoglucanase activity and to catalyse glucose production from 
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CMC. Kyriacou et al.(1987) isolated a CBH-II from T. reesei which attacked 
carboxymethylcellulose and exhibited obvious endoglucanase activity. Working with 
CBH-I and CBH-II from T. reesei, Heitz et al. (1990) and Witte et al.(1990) also 
found that these enzymes exhibited hydrolytic properties characteristic of 
endoglucanases in attacking amorphous cellulose. However, Wood et al. (1989) 
reported a CBH-II from P. pinophilum which showed activity towards 
carboxymethylcellulose. More recently, the catalytic domains of both CBH-I and 
CBH-II from T. reesei obtained following papain digestion were found to hydrolyse 
barley p-glucan and to attack cellulose fibres, but to show no activity toward CMC 
(Woodwars et al. 1994). Thus, a true CBH appears to have no activity against soluble 
substituted cellulose. 
In earlier studies (Van Tilbeurgh and Claeyssens 1985), two isoenzymes of CBH-
I from T. reesei were shown to hydrolyse methylumbelliferyl-lactoside, while CBH-II 
was found to be inactive towards the lactoside. Since then, methylumbelliferyl-
lactoside has been used to differentiate between CBH-I and CBH-II. CBH-II differs 
.• 
from CBH-I not only by its catalytic activity towards lactosides, but also in amino acid 
composition. Teeri et al.(1987) reported that the T. reesei CBH-II protein has a 
sequence of 471 amino acids and that the coding region is interrupted by three short 
introns. The CBH-II protein bears no little resemblance to either CBH-I or 
endoglucanase-I. However, all Trichoderma cellulases share a short region of 
extensive homology which is thought to be important for cellulose hydrolysis. 
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Fig.l-2Model tertiary structure of T. reesei cellobiohydrolase. A and B represent 
the binding domain and hinge region, respectively (from Cullen and Kersten, 
1992) 
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Biochemical studies have shown that cellobiohydrolase activity is necessary for 
the complete degradation of crystalline cellulose by fungal cellulases, and that binding 
ofthe enzymes to cellulose is essential for effective hydrolysis. Nidetzky and Steiner 
(1993) monitored the relationship between cellulase-cellulose adsorption and cellulose 
hydrolysis. Hydrolysis was found to be a linear function of the amount of adsorbed 
enzyme below a limit of 76mg protein per gram of microcrystalline cellulose. A more 
pronounced correlation was found between cellulose hydrolysis and the amount of 
CBH adsorbed to cellulose OS i^detzky et al. 1994a). Medve et al. (1994) investigated 
the conversion of microcrystalline cellulose to sugars by the T. reesei CBH-I and 
CBH-II and reported a continuous increase of Avicel hydrolysis to cellobiose and 
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glucose with increasing amounts of bound CBH-I, CBH-II, and with an equimolar 
ratio of CBH-I/CBH-II (1 mole protein per gram of substrates). CBH-I and CBH-II 
were also found to compete in terms of binding to the cellulose substrate. Within 48 
hours, virtually identical amounts of both enzymes were adsorbed. Using specific 
monoclonal antibody (MAb)-colloidal gold particles combined with electron 
microscopy, it has been possible to visualise the binding of CBH to both crystalline 
and amorphous cellulose QSfieves et al. 1991). Hoshino et al. (1993) used electron 
microscopy in combination with immunogold labelling to examine the change in 
morphology of cotton fibrils and microfibrils following treatment with exo-type 
cellulase (cellobiohydrolase ？) from Irpex lacteus. The enzyme adsorbed strongly on 
the internal microfibril of cotton fibres prior to enzymic hydrolysis. 
Studies on the primary structure of CBH proteins have revealed both CBH-I and 
CBH-II from T. reesei to consist of a short cellulose-binding domain (CBD), a linker 
peptide and a large catalytic domain (or core protein). The functional domains of 
CBH-I and CBH-II have different termini. According to the small angle X-ray and 
. • 
NMR spectroscopic analyses (Fig. 1-2, from Cullen and Kersten，1992), both CBH-I 
and CBH-II were assigned a ‘tadpole-like structure . The catalytic domain is linked to 
the core protein through a flexible and highly 0-glycosylated linker peptide (Tomme 
et al. 1988). A similar structural organization was found for CBH from 
Phanerochaete chrysosporium OJzcategui et al. 1991). Following limited proteolysis 
with papain, CBH from P. chrysosporium was cleaved into a catalytic domain, a 
binding domain (CBD) and a linker. Determination of N-terminal amino acid 
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sequences and composition revealed that the CBD of Phanerochaete chrysosporium 
CBH is 95% homologous to the CBD of Trichoderma reesei CBH. The CBD appears 
to play an important role in cellulolysis since CBH core protein lacking CBD exhibits 
much reduced hydrolysing activity towards crystalline cellulose. Tomme and et al. 
(1988) investigated the function of two core domains (molecular weights 56 kD and 
45 kD, respectively) CBH-I (mol. wt. 65kDa) and CBH-II (mol. wt. 45kDa) of T. 
reesei. Both cores exhibited full activity on several soluble cellulosic substrates, but 
activity towards microcrystalline cellulose was only 10% and 50%, respectively 
compared with the intact enzymes. When the CBD of the catalytic domain of T. reesei 
CBH-I was excised, the enzyme could no longer bind to the cellulose substrate. The 
precise mechanism underlying the binding function of the CBD, and how this region 
promotes the function of the core protein in cellulose hydrolysis, is unknown. 
However, numerous studies suggest that interaction of the CBD to cellulose increases 
the effective contact between the core protein and substrate, and may break van der 
Waals forces which hold the crystal layers of cellulose together (Reinikainen et al. 
“ 
1992; Abuja et al. 1988; Knaulis et al. 1989). Amino acid sequence analysis has 
revealed that the CBD of both CBH-I and CBH-II consist of almost the same 36 
amino acids (Tomme et al. 1988). The most important of these appear to be the three 
conserved tyrosine residues which form the major part of the hydrophilic flat face of 
CBD. Recently, the spacing between these tyrosine residues has been shown to fit the 
distance between every second glucose unit in the cellulose crystal. Substitution of 
two tyrosine residues with alanine or aspartate by site-directed mutagenesis resulted in 
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a reduction of both cellulose binding and hydrolysing activities (Reinikainen et al. 
1992). 
The binding properties of CBH are affected by several factors including 
temperature, pH, and ionic strength. In the study of Medve et al (1994), the amount of 
bound enzyme decreased with increasing temperature during the hydrolysis of 
microcystalline cellulose (Avicel). At an enzyme/substrate ratio of 0.17ug/gram, up to 
98% of either CBH-I or CBH-II bound to cellulose following a 3 hour incubation 
period at 4 C. The extent of CBH-I and CBH-II adsorption to cellulose decreased by 
72% and 58%, respectively when the incubation was carried out at 25°C for the same 
period. 
1 1 ^ 1 p-Ghico.sidase (BGU 
p-Glucosidase is usually included as a component of many cellulolytic enzyme 
systems although some authors do not consider it to be a true cellulase since it does 
not attack the cellulose molecule directly. By catalysing the cleavage of the P-1,4 
glycosidic bond in cellobiose molecules generated by EG and CBH, P-glucosidases 
release glucose and complete the final step in cellulose biodegradatioin. If this 
conversion step to glucose is blocked, both endoglucanase and cellobiohydrolase 
activities are often inhibited due to the accumulation of cellobiose (Philippidis et al. 
1993; Fritscher et al. 1990). Many fungi produce only low amounts of p-glucosidase. 
This limits the rate and extent of enzymic hydrolysis in cellulose saccharification 
systems, and restricts the use of cellulases in industry (Woodward and Wiseman 
1982). A mutant of Trichoderma reesei which produced only low levels of P_ 
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glucosidase did not synthesise cellulases and was unable to grow on cellulosic 
substrates (Mishra et al. 1989). Increasing amounts of p-glucosidase enhanced sugar 
production from steam-pretreated aspen wood (Breuil et al. 1990)，and the addition of 
p-glucosidase to a mixture of cellulases has been shown to enhance substantially the 
extent of cellulose hydrolysis (Bhat et al. 1993). Irwin et al. (1993) studied the effect 
of P-glucosidase on cellulolysis by an endoglucanase from Thermomonospora fusca 
combined with CBH from T. reesei and found that addition of a crude preparation of 
P-glucosidases doubled the filter paper-digesting activity. In model systems involving 
cellulase-cellulose adsorption and the kinetics of enzymic hydrolysis of 
microcrystalline cellulose, the amount of p-glucosidase per gram substrate is one of 
the most critical factors in the overall regulation of cellulolysis O^idetzky and Steiner 
‘ 1993). 
P-Glucosidases are produced by many fungi, some physicochemical 
characteristics of which are summarized in Table 1-3. 
Table 1-3. Some physicochemical properties of fungal p-glucosidases: 
Organism MWt^ ^i Km toward Reference 
^ PNPG (mM) 
Trichoderma 20 to 8 0 ~ N D ~ 0 Tong et al. 1980 
reesei 
Trichoderma 76 8.4 0.15 Hofer et al. 1989 
reesei 
Trichoderma 98 4.4 ND Inglinetal. 1980 
reesei 
Termitomyces 110 4.5 0.5 Sengupta etal. 1991 
clypeatus 
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Schizophyllum 102 + 96 ND 0.3-2.1 Lo et al. 1990 
commune 
Pisolithus 3^x 150 3.8 0.87 Cao and Crawford 1993 
tinctorius 
Piromyces sp. 45 4.15 1.5 Teunissen et al. 1992 
Phanerochaete 90' ND 0.16 Smith and Gold 1979 
chrysosporium 410^ ND 0.11 
Physarum 65 5.25 ND MoritaandNishi 1993 
polycephalum 
Orpinomyces 85.4 3.95 0.25 Chen et al. 1994 
sp. 
Neurospora 22-70 ND ND Yazdi et al. 1990 
crassa 
Neurospora 75.5 8.7 ND Yazdi et aL 1990 
crassa, cell-1 
‘ Neocallimastis 125.5 7.1 2.5 Li and Calza 1991 
frontalis 
Gliocladium 70 3.7- 0.5 Todorovic et al. 1993 
virens 7.25 
A. niger 240' 4.0 ND Watanabe et al. 1992 
,• 
A. niger ^ 3.8 ND Unno et al. 1993 
/Tf 
:number of peptide subunits; 
:determined by SDS-polyacrylamide gel electrophoresis; 
c ： determined by gel filtration; ND: not determined. 
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1,1.4 Synergism between the different components of the cellulolytic systems of 
filamentous fungi 
There is now ample evidence to support the existence of synergistic interactions 
between individual components of fungal cellulolytic systems in the hydrolysis of 
crystalline cellulose. When used alone, recombinant forms of CBH-II and EG-I from 
Trichoderma reesei produced in Saccharomyces cerevisiae saccharify several 
cellulosic and hemicellulosic polymers including crystalline cellulose, phosphoric 
acid-swollen amorphous cellulose, xylan, barley, carboxymethylcellulose, 
polygalactomannan and mannan. However, the hydrolysis yields were not comparable 
to those obtained using the combination of both enzymes (Bailey et al. 1993). More 
recently, Wood et al. (1994) examined the hydrolysing power of cellulase components 
produced by the anaerobic fungus Neocallimastix frontalis and the aerobic fungi 
Penicillium pinophilum and Trichoderma koningii. An enzyme fraction from N. 
frontalis containing endoglucanase and p-glucosidase which was inactive towards 
crystalline cellulose converted 36% of a dewaxed cotton substrate into sugar when 
combined with CBH-I and 'CBH-II from P. pinophilum. The extent to which the 
cotton fibres were hydrolysed by the CBH-I and CBH-II fraction alone was only 
13%. Synergistic interactions operates between endoglucanase and cellobiohydrolase, 
and between p-glucosidase and these two other enzyme components. Wood (1992) has 
also reported synergism between the two forms of cellobiohydrolase. This was 
confirmed by Medve et aL(1994) who showed that T. reesei CBH-I/ CBH-II used 
together hydrolysed 18% of a microcrystalline cellulose sample whereas the sum of 
28 
the hydrolysis achieved with CBH-I and CBH-II used in separate incubations was only 
15%. Nidetzky et al. (1993) in a study of synergism between different individual 
cellulase components purified from T. reesei found the synergistic action on cellulose 
to depend on the composition of the reconstituted enzyme mixture. Using twelve 
different types of enzyme combinations involving CBH-I, CBH-II, EG-I, EG-III, 
CBH-I core and EG-III core, the highest degree of synergism in the hydrolysis of 
crystalline cellulose was observed for the combinations CBH-I / EG-II, and CBH-I / 
CBH-II. To date, there is no evidence to support the existence of synergism between 
different endoglucanase components. 
A mechanism to explain the synergistic interactions between the different 
cellulase components in cellulose hydrolysis is shown in Fig.1-3 (Montenecourt and 
Eveleigh 1985; Eveleigh 1987). Cellulose is initially attacked by endoglucanases at 
the amorphous sites of the glucan chain, thereby generating the non reducing ends for 
subsequent attack by cellobiohydrolases. The action of the cellobiohydrolases is to 
cleave off cellobiose residues, and the final step is the overall hydrolysis is the action 
.• 
of cellobiase on cellobiose to release glucose. Using transmission electron 
microscopy, Sprey and Bochem (1991，1992) investigated the changes in the cellulose 
structure that occurred during treatment with purified endoglucanase and 
cellobiohydrolase preparations from T. reesei. Endoglucanase alone eroded the 
microfibril ofnative cellulose and caused it to split into peripheral subfibrils to form a 
loose, whisker-like peripheral region. The subfibrils were shown to have one free end. 
Subsequently, a structural conversion of the peripheral subfibrils into amorphous 
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cellulose was observed with the addition of cellobiohydrolase. The same research 
group also isolated a co-purified CBH-EG complex in which CBH and EG were 
thought to be linked together. When native cellulose was exposed to the CBH-EG 
complex, the morphological change into the amorphous form occurred directly and the 
discrete interphases of cellulose microfibril degradation which were detected using EG 
alone were not observed. Incubation of native cellulose with the CBH-EG complex 
resulted in increased formation of shorter microfibrils with the average microfibril 
length decreasing from 1.2 micrometer to 0.9 micrometer (Sprey and Bochem 1993). 
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Fig. 1 -3 Postulated mode of action of cellulolytic enzymes. Cellulose is 
initially attacked by endoglucanase (A, A') at amorphous sites ofglucan chain 
and generating reducing ends for attack by cellobiohydrolases (B, B'). The action 
of cellobiohydrolases produce cellobiose, a dimer of glucose, for cellobiase 
attack. The terminal action ofcellobiase releases glucose. (From Eveleigh 1987). 
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LL5 Molecular genetics of cellulases 
Over the past decade, research into the genetics of fungal cellulases has 
developed rapidly, promoted to a large extent by a desire to develop biotechnological 
processes based on the conversion of cellulosic materials. Several genes encoding for 
cellulases have now been isolated and sequenced . Examples include the genes {chhl, 
cbh2, egl and eg3) encoding for two cellobiohydrolases and two endoglucanases of 
Trichoderma reesei (Teeri et al. 1983; Chen et al. 1987; Penttila et al. 1986; 
Saloheimo et al. 1988)，cbhl ofPenicillium janthinellum (Kock et al. 1993) and cbhl 
of Phanerochaete chrysosporium (Sims et al. 1988; Cover et al. 1992). The copy 
number of each gene appears to vary with individual species; T. reesei has one copy 
each for both cbhl and cbh2, while P. chrysosporium has multiple copies of chhL In 
T. reesei, both the promoter and terminator regions of the cbhl gene are highly 
effective in the expression of various vectors including those bearing DNA fragments 
encoding for foreign proteins (i.e. proteins unrelated to cellulolytic enzymes) 
suggesting that the fungus is' a good host for the expression of recombinant proteins 
(Uusitako et al. 1991). Transformation and gene inactivation methods have also been 
developed in order to improve the proficiency of fungi to produce cellulases. 
Enhanced cellulase production by T.reesei thas been achieved by the introduction of 
extra copies of the cbhl and cbh2 genes (Kubicek-Pranz et al. 1991). A T. reesei 
mutant with modified cbhl cDNA produced a novel cellulase system lacking CBH-I 
(Harkki et al. 1991). 
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1.2 Secretion of cellulases by filamentous fungi 
Relatively little is known about the mechanisms involved in the secretion of 
cellulases by filamentous fungi. Wosten et al. (1991) used 35s-leucine and specific 
antibody conjugated to immunogold to label glucoamylase secreted by Aspergillus 
niger and showed that the enzyme was localized mainly around the growing hyphal 
tips. The authors grew the fungus on a special sandwich plate which separated the 
fungal hyphae from contact with the growth substrate, soluble starch. Some labelling 
were also found associated with the cell walls of non-growing hyphae. However, 
although these experiments may provide some insight into the secretion sites of 
enzymes under a particular growth condition, it is not known if this is also the 
situation when the organism was grown in contact with its growth substrate, especially 
on the insoluble substrates such as cellulose. Messner et al. (1991) used specific 
antibody raised with cellulase to localise the cellobiohydrolase secreted by ten 
Trichoderma species including the widely studied T, reesei QM9414 and RUT C30 
strains. A predominant proportion of the CBH-II secreted was detected in the conidial-
.• 
bound proteins. In the same study, a 2 to 4-fold increase in conidia-bound CBH-II was 
I 
observed in a Trichoderma transformant containing extra-copies of the cbh2 gene. All 
the strains tested showed about the same amount of CBH-II bound to conidia. Based 
on the evidence gained, the cell walls of conidia spores appear to play some role in 
the retention of secreted cellulases. However, it is still unclear whether the conidia-
bound CBH-II is secreted directly by conidia, or primarily secreted by hyphae and 
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secondarily bound to the spores. The significance to cellulose biodegradation，if any, 
of conidia formation in fimgi such as Trichoderma has yet to be determined. 
1.2.1. Overview of enzyme secretion in filamentousfungi 
Fungal extracellular enzymes are not only important for the nutrition of the fungi 
themselves, but hold considerable potential for biotechnological applications. For 
example, fungal cellulases have been used in the production of alcohol from 
lignocellulose, and in industrial-scale extraction ofjuice from vegetables and fhiits. 
Although a few mutant strains of fungi secrete up to 40 grams of protein per litre 
ofculture broth (e.g. Trichoderma cellulase, Durand et aL 1988), the level of secretion 
by most fungi is in the order of grams or less per liter of culture broth. Much effort 
has been expended to improve the ability of fungi to secrete extracellular enzymes of 
commercial importance. One of the most feasible routes to achieving this goal is by 
adopting recombinant protein techniques. Although the capacity to secrete some 
heterogeneous proteins (e.g. a-amylase, chymosin, antibody) has been successfully 
conferred on Trichoderma spp. and Aspergillus spp. through gene fusion involving the 
. • 
original host promoter (Korman et aL 1990; Ward et aL 1990; Harkki et aL 1991; 
Contreas et al. 1991; Nyyssonen et aL 1993; Jeenes et al. 1993), most molecular 
engineered heterogeneous proteins are secreted in poor yields. Kubicek-Pranz et al. 
(1991) introduced multiple copies ofthe CBH-II-encoding gene {cbh2) into T. reesei 
but the transformants, while containing a 10- to 20-fold increase in the number of 
cbh2 copies, only displayed a 2- to 4-fold increase in the amount of CBH-II secreted 
(15-37^ig .1-1). The non-transformed parent strain has only one copy of the cbh2 
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gene.The authors concluded there was no correlation between the copy number of the 
gene cbh2 and the amount of secreted CBH-II and suggested the problem of poor 
yields was not at the level of transcription or translation, but more probably in co-
translational or post-translational modifications within the secretary pathway. Thus, a 
detailed understanding of the secretion process is essential if the potential of 
filamentous fungi for inductrial-scale extracellular protein secretion is to be realised. 
Unfortunately, little experimental evidence has been obtained to show what 
happens during protein secretion in filamentous fungi. By referring to data obtained 
using yeast, plant and mammalian cells, protein secretion in filamentous fungi has 
been discussed and reviewed recently by MacKenzie et al. (1993) and Peberdy 
(1994). The generalized model for the transport of protein within the cell is a vectorial 
process beginning with entry of proteins into the endoplasmic reticulum (co-
translational translocation, folding and glycosylation), then passing through the Golgi 
apparatus (glycosylation), and ending with fusion of the secretory vesicles with cell 
membrane. Based on cytological data obtained by labelling precursors of secreted 
protein in vacuoles, Peberdy (1994) believed there might be difference in the secretory 
pathways adopted by filamentous and unicellular fungi. A hypothesis which identified 
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Fig. 1-4 Hypothesis of protein secretory pathway in filamentous fungi, 
(from Peberdy, 1994) 
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1,2.2 Glycosylation 
Enzymes secreted by fungi are mostly glycosylated. The biological significance of 
glycosylation appears to be the maintenance of protein stability and the enhancement 
of protein flinction since the process influences solubility, resistance to proteolytic 
attack, enzyme activity and protein half-life. Oligosaccharides attached to asparagine 
residues forming part of the protein molecule are described as N-linked while those 
attached to serine and threonine are 0-linked. 
All cellulases of Trichoderma investigated in detail so far contain carbohydrates. 
Salovuori (1987) used ^H-labelled-mannose to study the glycans of the 
cellobiohydrolase-I produced by T. reesei and detected both 0 - and N-linked 
oligosaccharides in the secreted enzyme. The 0-linked glycans were ofhigh mannose-
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type, with the structure (Man)-5(GlcNac)-2 and (Man)-9(GlcNAc)-2. It was suggested 
that the N-linked glycans were added co-translationally. The initial residues of 0 -
linked glycans also appear to be added co-translationally, and formation of the glycan 
chains takes 20 minutes to complete during the secretion process. It is now known that 
both N- and 0-linked glycans are present in many fungi. 
The antibiotic tunicamycin is a highly specific inhibitor of N-asparagine linked 
glycosylation, and has been used to assess the significance of N-glycosylation on 
protein secretion in vivo in several fungal systems. Low concentrations of ethanol 
(1.50/0, v/v) are also reported to reduce the incorporation of mannose into the 
oligosaccharide moiety of secreted protein and has been shown to inhibit the secretion 
of cellulases by T. reesei (Merivuori et al. 1987). However, it is still unclear whether 
ethanol inhibits 0 - or N-linkage, or both types of glycosylation. Merivuori et al. 
(1985) investigated the effects of tunicamycin on the synthesis, secretion, and 
activities of the cellulases produced by T. reesei wild type and a hypersecreting 
mutant. Neither the level of secreted cellulase nor the total amount of secreted protein 
.• 
was affected by 5ng/ml concentrations of the drug. Secreted protein included 
i 
cellulases which stained positively with Schiff s reagent indicating that the 
glycosylation was of the 0-linked type. Kubicek et al. (1987) grew T. reesei on 
different substrates in the presence of tunicamycin at concentration of 40 ^g/ml and 
reported that the antibiotic inhibited the incorporation of N-acetylglucosamine into 
secreted proteins but had not effect on the secretion of total protein including EG-I 
and EG-II. Endoglucanses secreted in the presence of tunicamycin were shown to be 
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glycosylated. Similar results were obtained with Schizophyllum commune where both 
secretion of endoglucanase and P-glucosidase, and the incorporation of ^H-labelled-
mannose into the secreted proteins, was detected in cultures supplemented with 
tunicamycin (Willick and Seligy 1985). It is now accepted that N-glycosylation is not 
necessary for protein secretion. 
1.2.3 Protein secretion and the fungal cell wall 
The hyphal wall is the outermost part of the cell and represents the last obstacle to 
protein secretion. A wall-less slime mutant of the filamentous fungus Neurospora , 
crassa, secreted up to 95% of the total synthesized invertase to cell exterior, while the 
wild-type strain retained most of the enzyme within the cell (Bigger et al. 1972). 
Numerous studies indicate that fungal cell walls are porous. The permeability of 
cell walls isolated from wild-type and an osmotic mutant strain of N. crassa was 
examined using polyethylene glycol and dextran polymers (Trevithick and Metzenberg 
1966). The exclusion threshold for the cell walls from the wild type was determined as 
4750 daltons while the threshold value for the osmotic mutant which had a thinner cell 
.• 
wall increased to 18,500 daltons. Solute-exclusion experiments to determine the 
！ 
molecular threshold of cell walls of the fungus Achlya bisexualis indicated that the 
pore size in the walls was approximately 2 to 3 nm. This level of cell wall porosity 
only allowed the passage of protein molecules with a molecular mass below 20kD 
(Money, 1990). However, many secreted enzymes have molecular weights which are 
much higher than this limit. To explain how proteins pass the cell wall, Wessels 






secreted proteins are extruded by means of vesicles which continuously fuse with the 
plasma membrane. Protein deposited in the region of the extension zone becomes 
embedded within the materials required for wall synthesis and this complex is then 
thought to be carried to the outer region during the formation of nascent wall. Thus, 
the exit ofprotein must be associated with the process of cell wall synthesis. 
1.2,4 Factors affecting protein secretion 
Some non-ionic surfactants and phospholipid precursors are known to stimulate 
the excretion of proteins by filamentous fungi. For example, both choline and Tween , 
80 enhanced protein secretion by T. reesei (Kruszewska et al. 1990). Moreover, a 
significant increase in total extracellular protein, including cellulases, was detected in 
the culture broth of the straw mushroom Volvariella volvacea grown in the presence of 
Tween 80 (Cai et al. 1994). It was suggested that the effect of choline and Tween 80 
on protein secretion by T. reesei was the result of the stimulatory effect of these 
supplements on the formation and/or activity of dolichol-phosphate-mannose synthase, 
an enzyme involved in 0-linked core oligosaccharide formation (e.g. dolichol-
- • 
diphosphate-mannose), thereby leading to an elevated level of 0-glycosylation 
(Kruszewska et al. 1990). In N. crassa, the secretion of protein is sensitive to 
temperature which affects the membrane lipid composition. A decrease in the level of 
saturated fatty acids in the membrane caused by a drop in the temperature to 15°C 
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1.3 Volvariella volvacea 
The edible straw mushroom, Volvariella volvacea, is a basidiomycete belonging 
> 
to the family Pluteaceae in the order Agaricales. Four and occasionally combinations ‘ 
of 2 to 5 basiodiospores can be observed on basidia. The mycelium of V. volvacea 
lack clamp connections, and the number of nuclei in a hyphal cell is reported to vary 
from 2 to 36 (Chang 1969). 
The life cycle of V. volvacea starts from the germination of a basidiospore into the I 
vegetative mycelium. Subsequent growth of the mycelium ultimately leads in the 
later stages to the formation of fruit body primordium (tiny button). These then 
develop into the button and egg stages and eventually into the mature fruiting body. 
Basidiospores are released from the mature fruit bodies and initiate another growth 
cycle (Chang and Yau 1971). Chlamydospores are also formed at some stage during 
the growth of the mycelium, but their significance in the life cycle remains unclear. 
Most of the available evidence suggests that V. volvacea is self-fertile and primary 
homothallic , i.e. a homokaryotic mycelium, established from a single meiotic nucleus, 
( 
has the potential to progress through dikaryosis to the completion ofthe sexual cycle. 
V. volvacea is a fungus indigenous to the tropics and sub-tropics. It has been 
cultivated for many years in China and other Asian countries and, in more recent 
years, straw mushroom cultivation has developed in both North America and Europe. 
In 1989/90, world production of V. volvacea amounted to 207,000 tonnes (fresh 




rating the mushroom as the fifth most important among industrially cultivated varieties 
(Chang and Miles 1989, 1993). V. volvacea is cultivated mainly in areas where rice is 
the major crop but, although rice straw is the natural substrate for growth and fruiting, 
the mushroom can grow on many other lignocellulosic residues including cotton 
wastes, wheat straw, barley straw, oat straw, oil palm pericarp, sugarcane bagasse and 
banana leaves. However, it is now clear that V. volvacea is unable to grow well on 
'woody' materials with a substantial lignin content and the introduction of cotton waste 
'composts' has resulted in earlier fructification and in higher and more stable yields 
(Chang 1974). ‘ 
The optimum growth temperature for V. volvacea varies from one strain to 
another, although many strains grow and fruit readily at temperatures between 30 to 
35°C. "Low temperature" strains have also been cultivated at altitudes where the 
temperature is only 16-20°C. However, there are numerous reports showing that V. 
volvacea does not survive below 5°C and laboratory cultures are normally maintained 
at 15°C and not in the refrigerator. 
.• 
Most reports indicate that V. volvacea grows well over the pH range 5.5 to 7.5 ‘ 
( 
although the optimal pH will vary according to strain and to the growth conditions. 
For example, Kurtzman and Chang-Ho (1982) described a strain of the fungus which 
exhibited an pH optimum of 5 when grown on maltose and an optimum pH of 
between 8 and 9 when grown on glucose or pectin as the carbon source. A similar 
shift in the optimum pH, from 7 to 6.5, was observed when malt extract was replaced 
by cellulose as the growth substrate. 
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The cultivation of edible mushrooms on lignocellulosic wastes represents a prime 
example of the direct conversion of low-grade residues into a value-added commodity 
which is of benefit to mankind.The V. volvacea fruit body is a highly nutritious food 
source which is rich in protein, carbohydrate and crude fibre (Chang and Miles, 1989). 
The protein component contains all the essential amino acids which together account 
for 32.9% of the total amino acids (Chang and Miles, 1989). Fmit bodies of V. 
volvacea are also good sources of vitamins including thiamine, niacin and riboflavin. 
A number of biologically active compounds of potential medicinal importance ^ 
j 
have been extracted from V. volvacea. Kishida et al. (1989) isolated four 
polysaccharides fractions (I，II，II and IV) from extracts of V. volvacea fruiting bodies 
which, when injected intraperitoneally for 10 consecutive days into mice transplanted 
with the Sarcoma-180 solid tumour cells, had a marked inhibitory effect on tumour 
growth. Furthermore, a 26-kD molecular weight lectin from V. volvacea was shown to 
have both hemagglutinating and tumour-inhibiting activities (Lin and Chou 1984). V. 
volvacea polysaccharides with antitumour activity were identified to be P-D-glucan 
(Sone et al. 1994). More recently, Chiu and Lam (1995) have reported that i 
I 
intravenous injection of an aqueous fraction derived from extracts of V. volvacea 
fruiting bodies cause hypotensive effects in rats. A cardiotoxic protein, volvatoxin, has 
also been extracted from V. volvacea fruiting bodies (Lin et al. 1973). 
A major problem associated with industrial-scale cultivation of V. volvacea is 
related to the low production yields which, in tum, reflect the biological efficiency (i.e. 




The average biological efficiency associated with the growth of this mushroom its 
‘ ( 
( 
natural substrate, rice straw, is usually less than 10%. Although a significant increase 
in biological efficiency (up to 40%) has been achieved by replacing rice straw with 
cotton waste (Chang 1974)，yields are still poor compared to other mushroom species. 
For example, the biological efficiencies of other major cultivated mushrooms, 
including Agaricus bisporus, Lentinula edodes, Auricularia spp. Pleurotus spp. and 
Flammulina velutipes, range from 65% to over 100% (Smith et al. 1988). To improve 
the biological efficiency of V. volvacea, a fuller understanding of factors associated ； 
•\ 
with fungal growth, particularly those involved in converting the polysaccharide 
components ofthe lignocellulosic growth substrates into sugars for fungal nutrition, is 
required. The different abilities of individual mushroom species to grow on a 
particular lignocellulosic substrate are determined by both fungal- and substrate-
associated factors (Buswell et al. 1993). These include the level of fungal tolerance to 
potentially toxic phenolic monomers present in lignocellulosic residues of the type 
used for mushroom cultivation (Shea and Buswell 1992; Cai et al. 1993; Buswell and 
. • 
Eriksson 1994) and, of course, the capacity of the mushroom to produce the hydrolytic , 
and oxidative enzymes necessary to degrade the individual components (i.e. cellulose, 
hemicellulose, lignin) ofthe growth substrate. As with many other cellulose-degrading 
fungi, V. volvacea produces a multi-component enzyme system for the conversion of 
cellulose to glucose consisting of endo-1,4-P-glucanase (EC 3.2.1.4)， 
cellobiohydrolase (EC 3.2.1.91), and P-glucosidase (P-D-glucosidic glucohydrolase; 
EC 3.2.1.21) (Chang and Steinkraus 1982; Wang 1985; Cai et aL 1994). However, V. 
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volvacea does not appear to produce any of the recognized lignin-degrading enzymes 
(i.e. lignin peroxidase, Mn-dependent peroxidase and laccase). This would explain the 
relatively high sensitivity of the mushroom to phenolic monomers and its inability to 
grow on highly lignified substrates (Buswell et al. 1993; Cai et al. 1993，1994). 
Clearly, cellulolytic enzymes play a major role in providing the low molecular weight 
I' 
I. nutrients required by V. volvacea and this study was undertaken to leam more about 
i! i| 
:i the cellulolytic system of this fungus. j 
ii 1  1.4 Project Aims f 
Despite the commercial importance of Volvariella volvacea, very little is known 
about the biochemistry involved in the breakdown of the cellulosic wastes used for 
industrial scale cultivation. Moreover, there is no information available relating to the 
secretion of cellulases by this mushroom. 
The aims of the present study are : 
1. To investigate the effect of various cultural parameters on the induction and 
production of cellulolytic enzymes by V. volvacea. 
2. To purify and characterize individual components of the cellulolytic system of < 
V. volvacea. 
3. To determine the patterns of cellulolytic enzyme secretion using 










2.1 Organisms and culture conditions 
Volvariella volvacea, strain V14, used in this investigation was obtained from the 
culture collection of the Department of Biology, The Chinese University of Hong Kong, 
and was maintained at 15°C on the potato dextrose agar (PDA) slants with periodic 
transfer. For experimental purposes, the fungus was incubated routinely at 32 °C. 
2,1.1 Basal medium 






Yeast extract O.lg 
Thiamine.HCl 2.5mg 
Tween 80 2ml 
Trace element solution 1 .Oml 
Trace element solution(g/litre): 
FeC6H5O7.5 H2O ‘ 4.8 
ZnSO4.7 H 2 O 2 . 6 4 
MnCl2.4 H2O 2 
C o C l 2 . 6 H 2 O 0 . 4 
CuSO4.5 H 2 O 0 . 4 
The pH was adjusted to 6.0 with 2M KOH. Media were sterilized by autoclaving 
at 121°C (15 psi) for 20 minutes. Thiamine was sterilized separately by filtration 





Carbon sources were added at 1% (w/v) concentration as indicated. Cellulose 
(Sigmacell type 20), carboxymethylcellulose, and xylan were sterilized by autoclaving at 
121 C for 20 minutes. Glucose, arabinose, cellobiose, esculin, galactose, glucose, 
lactose, mannose, maltose, salicin, sorbose, sucrose, xylose and xylitol were filter 
sterilized. 
2.L2 Culture conditions for biomass and enzyme production on different carbon 
sources 
Fungal inocula were prepared by growing Volvariella volvacea on Potato 
Dextrose Broth (PDB) (200ml in 1 litre flasks) for 10 days at 32 °C in stationary culture. 
After decanting the culture fluid, the fungal mat was washed with 500ml sterile distilled 
water, transferred to a sterile Waring blender cup containing 60ml sterile dH2O, and 
homogenized at full power for 3 x 5sec. To determine growth and enzyme production on 
different carbon sources, 1ml aliquots were transferred to 250ml Erlenmeyer flasks 
趣 
containing 50ml basal medium plus 1% (wtyVol) carbon source as indicated. Flasks were 
incubated at 32� C in an orbital incubator shaker operated at 150 rpm. 
After 4.5 days of incubation, cultures were harvested and mycelium separated by 
filtration through cheese cloth. Culture fluids were clarified by centrifugation (approx. 
3,000 X g) prior to measurement bf enzyme activity. 
Fungal biomass was estimated on the basis of dry weight determinations 
following initial washing of mycelium with distilled water and drying at 80 °C for two 
days. 
2.L3 Culture conditionsfor large-scale enzymeproductionforpurification 
For the production of sufficient quantities of starting material (i.e. culture fluid, 
fungal biomass) for enzyme purification, 10ml aliquots of the inoculum prepared as 
described in the section 2.1.2 were transferred to 2-litre flasks containing 600 ml basal 
medium plus 1% (wtyVol) Sigmacell as carbon source. Flasks were incubated at 32。C in 
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an orbital incubator shaker operated at 150 rpm. A typical batch consisted of eleven flask 
cultures. 
After 5 days incubation, culture fluids of Volvariella volvacea were harvested 
and mycelia separated by filtration through a double layer cheese cloth. The filtrate was 
centrifUged at 10,000 x g for 30 minutes at 4 °C and the supernatant filtered under suction 
I 
I 
through a Millipore membrane (porQ size 0.45 ^im). The filtrate was used for the 
purification of extracellular enzymes. Fungal mycelium was washed thoroughly by 
repetitive resuspension in 2-litre volumes of distilled water followed by filtration through 
cheese cloth and gentle hand squeezing of the fiingal biomass to remove excess liquid. j 
丨  
This procedure was repeated until the washings gave no further absorbance at 280nm. ;| 
The mycelium was then either used immediately or frozen at -20 °C until required. An 
average of280-300g wet weight of mycelium was obtained from each batch ofcultures. 
2.1,4 Culture conditions for confocal microscopy 
Plates of modified basal medium without added Tween 80 and containing 1.5% 
(w/v) agar were used. When cellulose (1%) was used as a carbon source, the plate was 
shaken gently in order to ensure distribution of the insoluble substrate throughout the 
medium. Where indicated, glucose replaced cellulose as the carbon source. Plates were 
inoculated with a 0.5cm dia. plug of Volvariella volvacea from 4-day old PDA plate ^ 
• \ 
cultures. A sterile cover slip was inserted into the medium at an angle approximately 10- ‘ 
I 
20。to the agar surface and about 2 cm distance from the inoculum Fig. 2-1). After 
incubation at 32 °C for 48 hr, the cover slip containing hyphal growth was removed and 
prepared for analysis. 
46 








丨| I 1^ |丨 • ^^ 
Medium ^ ^ 
Fig. 2-1 Culture of V. volvacea on cellulose-containing agar plate. 1 
2.1,5 Culture conditions for electron microscopy 
Pieces of chopped rice straw (approx. 1cm in length) were soaked over night in 
distilled water. After decanting excess water, 10g aliquots of straw were dispensed in 
50ml flasks, sterilized by autoclaving (121 °C for 30 min), and inoculated with mycelium 
from 4-day old PDA cultures. Cultures were incubated at 32 °C for 4 days prior to 
analysis. 丨 
. • V 
2.2 Mycelial extracts 
2.2.1 Large scale extraction ^ 
Harvested mycelia from 2.1.3 were transferred to a Waring blender cup and 
homogenized in 500ml pre-cooled potassium phosphate buffer (lOmM, pH7.5) for 5 
minutes. The homogenate was transferred to a 1-litre beaker immersed in ice and 
disrupted in an Ultra-Turrax T25 homogenizer for 15 minutes at full power. The 
resultant material was centrifuged at 10,000 x g (4 °C, 30 min) and the supernatant 
collected and filtered under suction through Millipore membrane (jpovQ size 0.45 ^im). 






2.2.2 Small scale extraction 
Mycelia of Volvariella volvacea grown in 250ml flasks for 4.5 days on different 
carbon sources were harvested separately by decanting o f f the culture f luid and then 
washed six times by repetitive addition of 100ml volumes of distilled water followed by 
decantation. Mycelia from two replicate flasks were combined, weighed, suspended in 
two volumes ofpotassium phosphate buffer ( lOmM, pH 6.5) and ground by hand in a 
glass homogenizer over ice. Homogenates were centrifuged at 10,000 x g (10 min, 4 °C) 
and the supematants used for the assay of cell-associated enzyme samples. 
To determine enzyme production by V. volvacea grown on different carbon \ 
sources over time courses, mycelia were harvested after 36 hours and every 12 hours 
thereafter as shown, and extracts prepared as described above. 
2.3 Enzyme purif ication 
2.3.1 Cell-associated enzymes (^-glucosidases) 
A typical protocol used to purify cell-associated enzymes is described below. 
Unless stated otherwise, all the purification and related procedures, including 
concentration and centrifugation, were carried out at 4 � C . 
(i) Anion exchange chromatography 
• I 
A crude extract (630ml) 6f 5-day old mycelium of Volvariella volvacea grown on 
j 
cellulose (Sigmacell) was applied to a column containing DEAE-Sepharose (bed volume ^ 
450mm x 30mm) pre-equilibrated with lOmM potassium phosphate buffer (pU 7.5). The 
non-bound fraction containing little or no P-glucosidase activity was discarded. After 
washing with 1 litre of the same buffer, the bound fraction was eluted with a linear 
gradient of 0 to 1 .OM NaCl in lOmM phosphate buffer (500 ml), pH 7.5，at a rate of 0.75 
ml/min (6.5 ml fraction size). Fractions containing p-glucosidase activity, eluting over a 
gradient range of 400 to 500mM NaCl, were combined (155ml) and concentrated to 






ultrafiltration unit fitted with a polysulphone membrane of 30kDa molecular weight 
cutoff . 
(ii) Gel filtration using Sephacryl HR S-200 
Concentrated sample was applied to a Sephacryl HR S-200 column (1,200 x 20 
mm) preequilibrated with 10 m M potassium phosphate buffer ^)H 7.5). The enzyme was 
eluted with the same buffer (160 ml) at a rate of 0.4 ml/min (6 ml fraction size) at 4。C 
and the combined active fractions (30 ml) concentrated to approx. 3 ml by ultrafiltration. 
(ii i) DEAE-Sepharose chromatography 
Concentrated sample was applied to a column (450 x 30 mm) of DEAE-Sepharose ^ 
6B pre-equilibrated with cold lOmM potassium phosphate buffer (pH 7.5). After washing 
with 1 liter ofthe same buffer, the enzyme was eluted with a linear gradient of 0 to 0.5 M 
NaCl in this buffer (400 ml) at a rate of 1.5 ml/min. The active fractions (98 ml) were 
desalted, concentrated to approx. 2 ml by ultrafiltration under nitrogen (4 bars) using a 
Millipore polysulphone membrane (30,000 molecular weight cut-off) and used for further 
purification. 
(iv) FPLCwithaMono-Q 
Aliquots (1 ml) ofconcentrated sample was applied to a Mono-Q HR 5/5 column • 
丨  
preequilibrated with 25 m M potassium phosphate buffer (pH 7.5). After washing with 2.5 |' 
• |i 
ml of this buffer, the enzyme was eluted with a linear gradient of 0 to 1 M NaCl in the j 
same buffer (25 ml) at a rate of 0.5 ml/min (1 ml fraction size). The active fractions were 
eluted at a NaCl concentration of approximately 0.2 M. 
(v) Chromatofocusing chromatography 
The pooled enzyme fractions from step iv were dialyzed ovemight against 2000 
ml 25 m M potassium phosphate buffer (pH 6.5) at 4 � C . The dialysate (2 ml) was applied 
to a Mono-P HR 5/5 column preequilibrated with the same buffer. The enzyme was 
eluted with a 10-fold diluted Polybuffer 74 (70 ml, adjusted to pH 4.0 with HC1) at a flow 





I and BGL- I I were eluted at pH values of approximately 5.2 and 5.0, respectively. 
Samples were desalted by ultrafiltration using Centricon 30 ultrafiltration tubes (30,000 
molecular weight cut-off) centrifuged at 5,000 x g. 
2.3.2 Extracellular enzymes 
The following procedures were used to purify extracellular cellulolytic enzymes. 
2.3.2.1 Purification of cellulase complex 
(i) Ultrafiltration 
Filtered culture supernatant (4000 to 6000ml) was concentrated by ultrafiltration 
through a Pellicon ultrafiltration cassette (Mill ipore) of molecular weight cut-off 10 kDa. 
The procedure was carried out under 20 psi as retentate pressure and 25 psi as feeding 
pressure controlled by a peristaltic pump (Millipore). When the volume of retentate was 
reduced to about 250ml，4 x 500ml volumes of potassium phosphate buffer (50mM, pH 
6.2) were added to desalt the sample. The ultrafiltrate was finally concentrated to about 
240ml，lyophilized and stored at -20� C prior to further purification. 
(i i) Anion exchange chromatography 
a. Batch adsorption: A preliminary evaluation of the degree of adsorption of 
1. 
cellulolytic enzymes to DEAE-Sepharose was made using the fol lowing procedure: ^ 
Aliquots (l.Oml) of pre-swollen DEAE-Sepharose were added to an Eppendorf ? 
tube. After centrifugation (10 min, 10,000 x g), the supematants was removed and the | 
gel washed three times with 0.5ml distilled water. Gel samples were then mixed with 0.3 
ml of sodium phosphate-citrate buffer (50 mM) adjusted to different pH values from 4.2 
to 7.0 at intervals of 0.4 pH unit (one gel sample was mixed with one aliquot of buffer 
adjusted to one pH value). After standing at room temperature for 5 min, the gel 
suspension was centrifuged and the supematants removed. After repeating the procedure 
five times, 0.3ml of enzyme sample containing p-glucosidase (0.033 unit), CMCase 
(0.136 unit) and Avicelase (0.02 unit) was added to each tube. The gel-enzyme mixtures 




residual enzyme activity in the supernatant determined. Untreated enzyme samples served 
as controls. 
b. Column chromatography: One gram of lyophilized ultrafiltration retentate 
(corresponding to 0.17g protein) was taken up in 5ml potassium phosphate buffer 
( lOmM, pH 6.2) and applied to a column containing DEAE-Sepharose (bed volume 320 x 
26 mm) pre-equilibrated with the same buffer. Unbound protein was eluted with 150 ml 
o f th is buffer at a f low rate of 1.2 ml/min (8.4 ml fraction size). Bound protein was then 
eluted with 400ml buffer containing sodium chloride of a linear gradient from 0 to l.OM. 
Fractions corresponding to separate peaks of enzyme activity were combined and ’ 
concentrated by lyophilization to volumes of less than 2ml. 
(i i i) Gel filtration 
Concentrated samples from step (ii)b were applied to a column containing 
Sephacryl-HR-S200 (bed volume 1,200 x 20 mm) pre-equilibrated with lOmM potassium 
phosphate buffer (pH 6.2). Proteins were eluted with the same buffer (125 ml) at a rate of 
0.7 ml/min (5.4 ml fraction size). Fractions showing enzyme activity were collected and 
saved for analysis. 
2-^2.2 Purification o f C B H 丨 
ji 
(i) Anion exchange chromatography 丨 
Lyophilized culture fluid (1.48g) prepared as described in 2.3.2 (i) was taken up in j 
5ml phosphate buffer ( lOmM, pH 6.2). This solution (0.25g protein, 212 Units of 
Avicelase) was applied to a column containing DEAE-Sepharose (bed volume 160 x 
15mm) pre-equilibrated with phosphate buffer ( lOmM, pH 6.2), and the column eluted 
with 50ml o f the same buffer (elution rate 1.5ml/min, fraction size 9.0ml). Non-bound 
fractions containing CBH activity were collected, combined (total volume 55.2ml，0.148g 






Non-binding fractions from (i) were applied to a column containing anion • 
exchanger PBE94 (bed volume 450 x 9 mm) pre-equilibrated with 25mM ethanolamine- p 
HC1 (pH 9.4) and the column eluted with 20ml of the same buffer (elution rate 
2.0ml/min, fraction size 8.7ml). The PBE94-non binding fraction (73ml, 74mg protein, 
84Units CBH) was saved. Bound protein was eluted with 10-fold diluted Polybuffer-96 
(320 ml) adjusted to pH 7.0 with l M HC1 using a linear gradient (0 - 1.0 M) sodium 
chloride (elution rate 2.0ml/min, fraction size 8.7ml). Five fractions (eluting about pH 7.8 
and 0.5M NaCl) containing CBH activity were collected, combined (total volume 43ml， 
25.2g protein and 9.2 Units CBH) and concentrated to a volume of approximately 3 ml by ( 
.!• 
lyophilization. 
(ii i) Gel filtration 
Concentrated sample (3ml) from step (ii) was applied to a column containing 
Sephacryl HR S200 (bed volume 1,200 x 20 mm) pre-equilibrated with lOmM phosphate 
buffer (pH6.2). The column was eluted with the same buffer (flow rate 0.28ml/min, 
fraction size 6.9ml) and fractions with CBH activity combined (26.3ml, 7.2 mg protein, 
7.5 Units CBH) and lyophilized. 
I： 
I' 
(iv) Isoelectric focusing ； 
Lyophilized material from step (ii i) was taken up in 0.3ml potassium phosphate t' 
1 
buffer (lOmM, pH6.2) and mixed with 0.3ml sample buffer containing 3% (v/v. as final ] 
conc.) ofPharmalyte 3/10 and 7.5% (v/v as final conc.) of glycerol. The sample was 
applied to a filter paper strip (0.5cm x 30cm) which was placed at the surface centre of 
IEF agarose gel. The gel, which contained 1% (w/v) IEF agarose, 2.5% Pharmalyte (v/v) 
“ and 12% sorbitol (w/v), was pre-run at a constant 400 volts (5w) for 30 minutes. The 
sample-loaded gel was electrophoresed at a constant voltage of 1,500 volts for 2.5 hours 
with an ice-bath circulation cooling system in contact with the gel lower surface. 
After isoelectric focusing, a strip of gel (150 x 10 mm) was cut from the edge of 




containing 4-methyl-umbelliferylcellobioside (5mM), 5-glucolactone (12mM) and 
potassium phosphate buffer (50mM, pH 6.2). After incubating for 15 minutes at 50 °C, 
the bands of CBH activity were visualized and marked by exposing the gel strip to UV 
light (350nm) to detect the fluorescent marker released as a result of enzyme activity.The 
marked strip was then used to locate the CBH activity bands in the rest of the gel slab and 
the relevant sections of the gel were cut out and quickly frozen with liquid nitrogen. 
Three separate sections of the gel slab were identified as exhibiting CBH activity of 
which two corresponded to a high pH (between 8-9), and one band showing very low 
CBH activity located at a neutral pH position. ^ 
Each of the frozen CBH-containing sections of the gel slab were ground 
separately in a mortar and 10ml phosphate buffer ( lOmM, pH6.2) was added in each case 
to extract protein. Extracts were centrifuged at 5,000 x g for 5 minute, the supernatant 
I： 
fraction was filtered through glass wool, and the filtrates dialyzed against 2.5 litres 
phosphate buffer ( lOmM, pH6.2) at 4。C ovemight. Dialyzed samples were then 
lyophilized. Lyophilized samples were taken up in 0.5ml phosphate buffer ( lOmM, 
pH6.2) (protein concentrations ranged from 0.26mg/ml to 0.48mg/ml) and tested for 
( ' 
homogeneity. , 
. 丨  
2.3.2.3 Purification of endoglucanase-III ；' 
li 
(i) Anion exchange chromatography j 
Culture supernatant (160 ml) which had been subjected to ultrafiltration (0.264mg 
protein, 1660 Units endoglucanase) was applied to a column containing DEAE-Sepharose 
(bed volume 450 x 9 mm) pre-equilibrated with phosphate buffer ( lOmM, pH 6.2), and 
the non-bound fractions containing endoglucanase activity were collected and combined 
(318ml，163mg protein, 1532 Units endoglucanase). None o f the bound fractions eluted 
with 0 to 1.5M NaCl in the same buffer (fraction size 6.0ml) contained endoglucanase 





一 — _ ^ 
by ultrafiltration to 15ml through a polysulphone membrane of 10 kDa molecular weight 
cut-off. 
(ii) Chromatofocusing 
The concentrated sample from step (i) was applied to a column containing 
PBE94 (bed volume 350 x 5 mm) pre-equilibrated with 25mM ethanolamine-HCl (pH 
9.4). The same buffer (20 ml) was used to wash out the non-bound protein (elution rate 
l.Oml/min, fraction size 5ml) and the bound protein was then eluted with 10-fold diluted 
Polybuffer-96 adjusted to pH 6.0 with l N HC1. Most of the endoglucanase activity 
resided in the non-bound fractions which were collected and combined (total volume ^ 
25ml，93mg protein, 857 Units endoglucanase activity). 
I-
(ii i) De-glycosylation 
The non-bound sample from step (ii) was treated with polysaccharidases 
(modified from Gallagher and Evans, 1990) including a-amylase and p-laminarinase. 
I \ 
Both a-amylase and p-laminarinase were each added at a concentration of 5^ig per 
milligram of protein in the sample. The deglycosylation was carried out at 30� C for 24 
hours after which the samples were desalted and concentrated to 4.8ml (79mg protein) by 
ultrafiltration through the polysulphone membrane of 30kDa molecular weight cut-off • • 
(iv) FPLC Mono-Q chromatography 丨 
i' 
Aliquots (0.5 ml, 8.3mg protein) of the concentrated sample from step (iii) were j 
applied to a FPLC Mono-Q (HR 5/5) pre-equilibrated with ethanolamine-HCl (25mM, 
pH 9.4). After washing with 5ml ofthis buffer (elution rate lml/min, fraction size 1ml)， 
bound protein was eluted with the same buffer (25 ml) containing a gradient of sodium 
chloride from 0 to l.OM. Fractions containing EG-I and EG-III were eluted at a NaCl 
concentration of l.OM, combined (4.6mg protein), desalted with phosphate buffer 
(lOmM, pH6.8), and concentrated to a volume of less than 1ml by diafiltration in 
Centricon 30 tubes of 30kDa molecular weight cut-off. Enzyme assays were carried out 











methylumbelliferylcellobioside [MeUmb(Glc)2], in the presence of cellobiose, as 
substrates for EG-II I and EG-I, respectively Q/sn Tilbeurgh and Claeyssens, 1985) (see 
section 2.5). 
(v) FPLC Mono-Q chromatography 
The concentrated sample from step (iv) was applied to a FPLC Mono-Q column 
pre-equilibrated with phosphate buffer ( lOmM, pH6.8). After washing wi th 5ml of this 
buffer (f low rate ImL^in， fract ion size 1 ml), the column was eluted wi th a linear 
gradient o f O t o l .OM NaCl in the same buffer (25 ml). Fractions containing only EG-II I 
were eluted at a gradient concentration of 0.7M, combined (2ml，2mg protein), desalted ， 
in the phosphate buffer ( lOmM, pH6.8), and concentrated to 0.45ml (protein 
concentration 0.44mg/ml) by diafiltration in Centricon 30 ultrafiltration tubes (30 kDa 
molecular weight cut-off) . 
2.^.2A Partial purification of B-glucosidases 
(i) Gel filtration 
Lyophilized culture f luid (0.25g protein, 292 U p-glucosidase activity) prepared 
as described in 2.3.2 (i) was taken up in 4ml phosphate buffer ( lOmM, pH6.2). This 
solution was applied to a column containing Sephacryl HR S200 (bed volume 1,200 x 20 ’ 
I 
mm) pre-equilibrated with the same buffer. The column was eluted with the same buffer || 
I 
(f low rate 0.3 mlAnin，fraction size 6.9ml) and fractions with BGL activity combined j 
(87ml, 125mg protein, 248units o fBGL) . 
(i i) Anion exchange chromatography 
Material from step (i) was applied to a column containing DEAE-Sepharose (bed 
volume 300 x 14 mm) pre-equilibrated with phosphate buffer ( lOmM, pH6.2). Unbound 
protein was eluted with 50 ml of this buffer at a rate of 1.5 mVmin (9ml fraction size). 
Unbound fractions showing BGL activity were collected, combined (135ml，74mg 
protein and 185 units o f B G L ) and the solution adjusted to pH 9.4 with O. lM KOH. 
(i i i) Chromatofocusing 
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Non-bound sample from (ii) was applied to a column containing anion exchanger 
PBE94 (bed volume 350 x 5 mm) pre-equilibrated with 25mM ethanolamine-HCl 
(pH9.4) and the column eluted with 50 ml of this buffer (flow rate 1.2 ml/min, fraction 
size approx. 9ml). Non-bound fractions containing BGL activity were collected, 
combined (160ml, 52mg protein, 162 units of BGL), and concentrated to approx. 2ml by 
lyophilization. For desalting, the concentrated sample was applied to a column containing 
Sepharose CL-6B (bed volume 350 x 10 mm) preequilibrated with lOmM phosphate 
buffer (pU62) and the enzyme eluted with the same buffer (flow rate lml/min, fraction 
size 6ml). Active fractions with BGL activity were collected, combined (30ml), and ^ 
concentrated to 3.5ml by lyophilization. The concentrated sample was saved at -20 °C 
and used as partially purified extracellular P-glucosidase. 
2.3.3 Other purification methods 
I. 
In this investigation, the following methods were also used for purification of 
extracellular cellulolytic enzymes: 
2.3.3.1 FPLC Phenvlsuperose hvdrophohic interaction chromatography 
Protein which did not bind to the anion exchange column as described in 
2.3.2.1(ii)b, or highly purified fractions containing trace contaminants, were applied to a 
•!丨 
FPLC Phenylsuperose column '(HR 5/5) equilibrated with 25mM phosphate buffer 。 
“ |, 
(pH6.5) containing 2M ^ f f l 4hS04. After washing with 2ml of this buffer, the column ^ 
was eluted (flow rate 0.5-1.0ml/min, fraction size lml ) with a reverse linear gradient of 
O^H4)2SO4 from 2M to 0. 
2.3.3.2 AfFmitv gel chromatography 
PBE94 non-bound sample (73ml, 74.4mg protein) prepared as described in 
； 2.3.2.2(ii) was dialyzed against 2 litres ofphosphate buffer (lOmM, pH6.5) at 4^C over 
； night. The dialyzed sample was applied to a column containing Affi-Gel Blue Gel (bed 







was eluted with 50ml of same buffer (f low rate 0.5ml/min) and non-bound protein was 
collected. 
2.3.3.3 Isoelectric focusing bv Rotorfor 
Deglycosylated samples (1.5ml，24.5mg protein) described in section 2.3.2.3 (i i i) 
were mixed thoroughly with ampholyte buffer [final conc. 1.0% Biolyte (3/10)，10% 
(v/v) glycerol]. The mixed sample was loaded into a Rotofor (Bio-Rad) IEF chamber and 
isoelectric focusing carried out for 5530hv (5.5 hrs, at a constant power of 12watts). 
Isofocused sample was separated into 20 fractions according to the manufacture s 
instructions. Fractions were collected and assayed for activity of endoglucanase, ^ 
cellobiohydrolase and P-glucosidase. 
2.3.3.4 Preparative gel electrophoresis 
(i) Preparative slab PAGE and gel slicing 
DEAE -non-bound sample (0.5ml, 0.7mg protein) prepared as described in 
2.3.2.1(ii)b was mixed with an equal volume of buffer containing 0.10% bromophenol 
blue, 20% glycerol and l.OM Tris-HCl OpH6.8). Samples were subjected to non-
denaturing PAGE. The concentrations of separating gel and stacking gel were 12% and 
4.0%, respectively and the dimensions of the gel slab were 1mm x 160mm x 160mm. 
:丨 
Electrophoresis was carried out in a Min i Protean-II unit (Bio-Rad) with ice water ) 
ll 
cooling at a constant voltage of 400volts for 6 hours. j 
At the end of electrophoresis, one strip of gel (160 x 10 mm) along the current 
direction was sliced out from the edge of gel slab. The sliced gel strip was stained for 
proteins with 0.1% Coomassie brilliant blue R-250 in a solution containing 40% (v/v) 
methanol and 10% (v/v) acetic acid for 30 minutes at room temperature, and then 
destained with the solution of 40% (v/v) methanol and 10% (v/v) acetic acid. The stained 
protein bands, eleven in all，were then used to detect the corresponding areas on the gel 
slab which were cut from the gel, washed with phosphate buffer (50mM, pH6.2) and 
immersed in 3ml of the same buffer at 4。C for 24 hours in order to elute the proteins. 
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The eluted samples were then dialyzed against 1.5 litres of the same buffer at 4 °C 
ovemight. The dialyzed samples were examined for enzyme activity and re_ 
electrophoresed. For re-electrophoresis, 0.5ml of dialyzed sample was freeze-dried and 
resuspended in 40 ^il distilled water. An aliquot of 20 ^il was used for native- and SDS-
PAGE using a Min i Protean unit, 
(i i) Preparative column PAGE using Precell491 
DEAE non-bound sample (2.0ml，14mg protein) prepared as described in 
2.3.2.1(ii)b was mixed with an equal volume of Tris-HCl buffer (0.5M, pH6.8) 
containing bromophenol blue (0.05%, w/v) and glycerol (10%, v/v). Samples were ^ 
applied to a Precell491 (Bio-Rad) column containing native stacking (4%, bed height 
1.5cm) and separating polyacrylamide gels (7.5%, bed height 7.2cm). Electrophoresis 
was conducted at constant voltages with an initial period of 120 minutes at 150volts and 
at 400volts for separation. Elution commenced when the tracking dye reached the 
position of approximately 1cm above the base of the column, and was performed with 
50mM phosphate buffer (pU6.2) at a rate of 32ml/hr (fraction size 3.2ml). After 40 
hours, 401 fractions were collected. Based on screening of fractions for endoglucanase, 
cellobiohydrolase and p-glucosidase activity, 14 fractions were retained for purity 
j 
determinations. . : 
Aliquots (O.lml) of each selected fraction were freeze-dried and resuspended in | 
20 1 sample buffer for non-denaturing PAGE or 20 1 sample buffer for SDS-PAGE and 
electrophoresed under the corresponding conditions. After electrophoresis was complete, 
the gels were stained using the silver staining protocol [see 2.4.1(i)]. 
2.3.3.5 rNHf2S%PreciT)itation 
Solid ammonium sulphate was added with gentle stirring to ultrafiltered samples 
(200 ml) prepared as described in 2.3.2.1(i) to 80% saturation. Samples were immersed in 
ice during the addition. Samples were then centrifuged (12,000g, 30 min, 4。。)，the pellet 
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under same conditions. After decanting of f the supernatant, the precipitate was taken up 
in 20ml potassium phosphate buffer (lOmM, pH 6.2) and dialysed against 2 liters of this 
buffer at 4 C ovemight prior to assessment of enzyme activities. 
2.4 Electrophoresis 
The following electrophoresis systems were used in this investigation. 
2.4.1 Mini Protean-II system (BioRad) 
(i) Non-denaturing PAGE 
The method described by Laemmli (1970) was used. For native-gel 
electrophoresis in which no reagent to denature and depolymerize the proteins is required, 卞 
distilled water was used to replace SDS as gel component. Acrylamide was used as 
monomer and its polymerization with N，N -bis-methylene-acrylamide was catalysed by 
10% (w/v) ammonium persulfate and TEMED QS[,N,N，N -tetramethyethylenediamine) 
at room temperature. 
Freshly cast or precast ready gels, with either 7.5% or 12% separating gel, were 
used to electrophorese the protein samples from purified enzyme material or from culture 
supematants. The stacking gel concentration was 4.0%. Prior to loading, samples were 
mixed with the sample buffer containing glycerol, bromophenol blue (tracking dye) and 
!| 
Tris-HCl OpH6.8) at final concentrations 10% (v/v), 0.05% (w/v) and 0.5M, respectively. 丨 
|i 
Sample (20-30 ^il) containing protein was loaded into each well of the gel slab. The j 
amount of protein used varied according to the staining protocol used; for Coomassie 
brilliant blue R-250 staining, the amount ofprotein ranged from 5 to 100^g while for 
silver staining, the quantity ofprotein ranged 1 to 5^ig. Electrophoresis wasconducted at 
a constant voltage with an initial period of 20 minutes at 50volts and a period of 60 
minutes at 200volts, and at 4°C. 
At the end of electrophoresis, the gels were dissembled from the apparatus and 
； submerged immediately in a staining solution containing 0.1% (w/v) Coomassie brilliant » 
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Destaining was carried out with the solution of methanol/acetic acidAiistilled water 
(4:1:5). 
For silver staining, the elecrophoresed gels were fixed with methanol/acetic 
acidMistilled water (4:1:5) for 30 minutes and treated with 10-fold diluted Oxidizer 
solution for 5 minutes. The gels were then washed six times with de-ionized water for a 
period of 15 minutes and stained with a 10-fold dilution silver reagent for 20 minutes. 
After quickly washing with distilled water (30 seconds), the gels were treated with 3.2% 
(w/v) Developer solution until a desired intensity of bands was obtained. The staining 
reaction was finally stopped by immersing the gels in 5% (v/v) acetic acid . ^ 
(ii) SDS-PAGE 
Denaturing PAGE incorporates sodium dodecyl sulphate (SDS) (0.1%, w/v) in the 
gel component and in the electrode buffer. The procedure for gel casting was the same as 
described for non-denaturing PAGE. Prior to loading, protein samples were mixed with 
‘ the sample buffer containing 2% (w/v) SDS, 5% (v/v) -mercaptomethanol, 10% glycerol, 
0.05% bromophenol and 0.5M Tris-HCl buffer (pH6.8) in an Eppendorf tube. The 
samples were heated at 95 ®C for 5min and centrifuged in a bench top centrifuge. Sample 
(20-30p,l) was loaded into each well. The conditions for electrophoresis, staining and 
destaining were the same as described for non-denaturing PAGE. 
I 
2,4,2 PhastGel system (Pharmacia) 丨 
(i) Non-denaturing PAGE 
Homologous gradient PhastGel with7.5% as separating gel was used. The amount 
of protein loaded was in a range from 1 to 5^ig. Electrophoresis was conducted with 
, native buffer strip for 60hv. Protein staining was carried out with 0.1% Coomassie 
brilliant blue for 20 minutes at 50 °C. Destaining was also carried out at 50 °C with the 









Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed with a 7.5% gel according to the method of Laemmli (1970) using a 
Pharmacia Phastsystem gel electrophoresis unit. Homologous gradient gels were used. 
The amount of protein used was in the range from 1 to 5 g. Electrophoresis were run 
wi th SDS buffer strip for 60hv. Samples were heated (95°C) for 5 min in the presence of 
2% sodium dodecyl sulfate (SDS) and 5% (v/v) 2-mercaptoethanol. The gels were stained 
wi th 0.1% Coomassie brilliant blue R-250, and destained with methanol-acetic acid-water 
(4/1/5). 
( i i i) IEF-PAGE ^ 
1 
IEF gels (3/10) were used. The amount of protein loaded was in the range from 1 
to 5^ig. Electrophoresis was carried out for 510hv. After isoelectric focusing, the gels 
were fixed with trichloroacetic acid for 5 minutes and washed with a solution of 
methanol/acetic acid (40% and 10%, respectively) for 2 minutes. Staining and destaining 
procedures were the same as for both native- and SDS- PhastGel PAGE. 
2.5 Enzyme assays 
Both quantitative and qualitative rapid assay methods were used in this 
investigation. 
:• •! 
Rapid assays were developed for detecting enzyme activity in various fractions collected j 
厂 ti 
‘丨！ 
during purification protocols. j 
2,5.1 ^'Glucosidase 
Quantitative assav methods 
(i) PNPG as substrate 
【 P-Glucosidase (EC 3.2.1.21) was determined by measuring the amount of p -
nitrophenol released from j!7-nitrophenyl-P-D-glucopyranoside (PNPG) using p-
, nitrophenol (Merck) as standard. For unpurified enzyme preparations, the incubation 
I mixture comprised 2mM PNPG, 50mM potassium phosphate buffer OpH 6.5), and 
K: 
^ appropriately diluted enzyme solution in a total volume of 1 ml. The reaction was carried 
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out at 50 °C for 30 min and terminated by addition of 3 ml 1.0 M Na2CO3. The amount of 
;7-nitr0phen0l released was determined spectrophotometrically by measuring the ^400 of 
the solution. Enzyme activity for the characterisation of BGL-I and BGL-II in purified 
preparations was assayed using the same procedure except that the reaction was 
terminated after five minutes incubation. 
p-Nitrophenol production was linear with time under the conditions adopted. One unit 
(U) of enzyme activity was defined as the amount of enzyme that produced 1 ^imol of 
product per min under the conditions of assay. Specific activity was defined as number of 
Units per milligram of protein. ^ 
(ii) Cellobiose as substrate 
P_Glucosidase activity towards cellobiose and other saccharides was determined 
by assaying the amount of glucose released by the glucose oxidase-peroxidase method 
(Lymar et al., 1995). Enzyme was incubated with substrate (20mM final concentration) in 
1ml of 50mM potassium phosphate buffer (pH 6.5) for 20 min. at 50 °C. At the end ofthe 
incubation period, the reaction was terminated by placing the tubes in a boiling water 
bath for 2 min. After cooling to room temperature, 2 ml of a solution containing 0-
dianisidine (lOmM, lO^il), glucose oxidase (5 U), and horseradish peroxidase (2.5 U) in 
； 'I 
50mM potassium phosphate buffer ft)H6.5) was added to the enzyme reaction mixture, ’ 
t： 
and it was then incubated at room temperature for 20 min. Then 10|il of concentrated j 
sulphuric acid was added to stabilise the colour, and the ^420 was determined. The 
amount of glucose produced was calculated from a standard curve for glucose. Glucose 
release was linear with time under the conditions used. One Unit of activity was defined 
as the amount of enzyme required to produce one micromole of glucose per minute 
under the defined conditions. Specific activity was defined as the number of Units per 
milligram of protein. 
r 






Where indicatedxenzyme inhibitor was incorporated in the reaction mixture to 
final concentrations of 1 o r y m M except in the case of phenols where the concentration 
was 2mM. 
Rapid assav method 
The principle for the determination of P-glucosidase activity was the same as for 
the quantitative assay. Enzyme (10^1) was incubated with 10^1 PNPG (40mM) and 
80^il 50mM potassium phosphate buffer (pU6.5) in a well of microplate for 10 minutes 
at 50 °C. The development of a yellow colour due to the release of p-nitrophenol 
indicated the presence of p-glucosidase activity. ^ 
2.5,2 Endoglucanase 
Quantitative assay method 
Endoglucanase (EC 3.2.1.3) activity was determined by measuring the amount of 
reducing sugar released from carboxymethylcellulose by the Somogyi-Nelson method 
(Somogyi, 1952) using glucose as standard. Enzyme sample was mixed with the substrate 
solution (CMC) and incubated at 50� C for 30 minutes in a 13mm xlOOmm test tube. The 
composition ofcontrols and test samples are given in Table 2-1. At the end ofincubation 
period, the reaction was terminated by adding 1.0ml Somogyi reagent (see Appendix 1) 
;t 
to the reaction mixture. The mixture was then boiled for 15 minutes, cooled to room ‘ 
temperature and 1 .Oml Nelson reagent (see Appendix 1) added. After mixing thoroughly, ^ 
the mixture was centrifuged at 300 x g for 5 minutes and the absorbance of the 
supernatant measured at 520nm. One Unit of activity was defined as the amount of 
enzyme required to produce one micromole of glucose per minute under the defined 
。 conditions. Specific activity was defined as the number ofUnits per milligram ofprotein. 
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Table 2-1 Reaction mixture of endoglucanase assay: 
KH2PO4-KOH buffer 2.0% (w/v) CMC Enzyme 
(5QmM, pH6.5) 
Control 1 2.2ml 0.8ml 0 
Control 2 2.5ml 0 0.5ml 
Sample 1.7ml 0.8ml 0.5ml 
Rapid assav methods 
(i) Total endoglucanase activity 1 
Total endoglucanase activity was determined by measuring the amount of 
reducing sugar released from carboxymethylcellulose. Enzyme (10|al) was incubated 
with 50^il 2% (w/v) CMC and 40pil 50mM potassium phosphate buffer ft>H6.5) in a well 
ofmicroplate QMunc) at 50。C for 15 minutes. At the end of incubation period, lOO^il o fa 
solution containing glucose oxidase (O.lU), horseradish peroxidase (0.05U) and 0.03% 
(w/v) ABTS (2,2 -Azino-bis-3-ethylbenthiazoline-6-phosphate) was added to the wells. 
The microplate was left to stand at room temperature for 15 minutes and the 
development of a green colour indicated the presence of endoglucanase. 丨 
.• 
• I _ ! 
(ii) Endoglucanase-III ,| 
Enzyme samples (2^1, 3^ig protein) was mixed with 2^1 4-methylumbelliferyl- J 
cellotriose [MeUmb(Glc)3] (5mM) and 12^il cellobiose (50mM) in 50mM potassium 
phosphate buffer (pH 6.5) in wells ofmicroplate and incubated at 50 °C for 15 minutes. 
At the end of incubation period, the microplate was exposed to UV light (350nm as 
wavelength). The fluorescein released identified samples containing EG-III activity. 
(ii i) Endoglucanase-I 
Enzyme (2^il, 3^ig protein) was mixed with 2|il 4-methylumbelliferylcellobiose 






50mM potassium phosphate buffer (jpU 6.5) in a well of microplate at 50 °C for 15 
minutes. At the end of incubation period, the microplate was exposed to UV light (350nm 
as wavelength). The fluorescein released identified samples containing EG-I activity. 
2,5.3 Cellobiohydrolase 
(i) Quantitative assay methods 
Cellobiohydrolase (EC 3.2.1.91) activity was determined by measuring the 
amount ofreducing sugar released from microcrystalline cellulose (Sigmacell type 20) by 
the Somogyi-Nelson method (Somogyi, 1952) using glucose as standard. Enzyme was 
mixed with the substrate suspension in a 25ml flask and incubated at 50 °C for 60 ^ 
minutes with gyratory shaking. The composition of controls and test samples are as 
shown in Table 2-1 except CMC was replaced with 1.0% (w/v) cellulose (Sigmacell). At 
the end of incubation period, the reaction was terminated by adding 1.0ml Somogyi 
reagent (see Appendix 1) to the reaction mixture. The mixture was then transferred to a 
test tube and boiled for 15 minutes, cooled to room temperature and 1 .Oml Nelson reagent 
(see Appendix 1) added. After mixing thoroughly, the mixture was centrifuged at 300 x g 
for 5 minutes and the absorbance of the supernatant measured at 520nm. One Unit of 
activity was defined as the amount of enzyme required to produce one micromole of 
;i 
glucose per minute under the defined conditions. Specific activity was defined as the 
•I 
number of units per milligram of protein. ) 
(ii) Rapid assay methods 
a. Avicelase: Cellobiohydrolase (Avicelase) activity was determined by 
measuring the amount of reducing sugar released from cellulose (Sigmacell type 20). 
Enzyme samples (lOp,l) were incubated with 50^il 1% (w/v) cellulose and 40^1 50mM 
potassium phosphate buffer (pH6.5) in wells of a microplate at 50。C for 30 minutes. At 
the end ofthe incubation period, lOO^il ofasolut ion containing glucose oxidase (O.lU), 
horseradish peroxidase (0.05U) and 0.03% (w/v) ABTS (2,2'-Azino-bis-3-




at room temperature for 15 minutes and the development of a green colour indicated the 
presence of avicelase. 
b. cellobiohydrolase: Enzyme samples (2^il, 3^ig protein) were incubated with 2|il 
4-methylumbelliferylcellobiose (MeUmb(Glc)2) (5mM) and 12^il 6-glucolactone 
(50mM) in 50mM potassium phosphate buffer (pH 6.5) in wells of a microplate at 50 °C 
for 15 minutes. At the end of the incubation period, the microplate was exposed to UV 
light (350nm as wavelength). The fluorescein released identified samples containing 
CBH activity. 
2.6 p-Glucosidase characterization studies .� 
2.6.1 pH optimum 
The effect of pH on enzyme activity was measured using PNPG as substrate in 
50mM potassium phosphate buffer or 50mM sodium phosphate-citric acid buffer 
adjusted to different pH values over the range 2.6 to 8.0 with an interval of 0.4 pH unit. 
Enzyme (0.06U for BGL-I or 0.02U for BGL-II) was incubated in standard reaction 
mixtures at 50 °C for 5 minutes and the amount of jc>-nitrophenol released determined as 
described in Section 2.5.1. 
2.6.2 Temperature optimum 
The effect of temperatoe on BGL-I and BGL-II activity was measured using 丨 
PNPG as substrate in standard reaction mixtures containing either 0.06U BGL-I or 0.02U ] 
BGL-II in 50mM potassium phosphate buffer (pH 6.5). Reaction mixtures without 
PNPG were incubated for 2 minutes at different temperatures between 20 and 70。C at 
intervals of 10 °C. The reaction was then initiated by addition of PNPG to a final 
concentration of 2.0mM and the amount of p-nitrophenol released measured after a 
further 5 min incubation at the specified temperature. 
2.6.3 Thermal stability 
Enzyme (either 0.06U/ml BGL-I or 0.02U/ml BGL-II) was incubated in 5 ml 





°C, 50 °C, 60 °C or 70 °C. Aliquots (0.950ml) of the incubation mixture were withdrawn 
after 5, 10，20，40 and 60 minute time intervals and residual enzyme activity determined 
using the standard PNPG assay at 50 °C for 5 minutes. 
2.6.4 Kinetic parameters 
The effect of different substrate concentrations on enzyme activity was 
determined using the standard assay mixture containing enzyme (0.06U BGL-I or 0.02U 
BGL-I I ) and 50mM potassium phosphate buffer (pH6.5) but using different 
concentrations of PNPG. Final concentrations of PNPG in reaction mixtures were 0.1, 
0.5, 1.0，2.0, 4.0, 8.0 and 10.0 mM. Enzyme activity was calculated from the amount of ^ 
p-nitrophenol released after 5 min incubation at 50 °C. 
2.6.5 Enzyme inhibitor studies 
The effect of various metal ions and potential inhibitor compounds on enzyme 
activity was determined in standard assay mixtures (total volume 1.0 ml) as follows: 
Enzyme (0.06U BGL-I or 0.02U BGL-II) was pre-incubated with metal ions or inhibitors 
at l m M or 5mM final concentration in 50mM potassium phosphate buffer (pH6.5) at 50 
°C for 2 minutes. After addition ofPNPG to initiate the reaction, mixtures were incubated 
for a further 5 minutes at 50� C and enzyme activity calculated from the amount ofp-
' ! 
nitrophenol released. ‘ 
2.6.6 Effect of lignin-derivedphenolic monomers ； 
The effect of various lignin-related phenolic monomers on enzyme activity was 
determined in standard assay mixtures (total volume 1.0 ml) as follows: Enzyme (0.06U 
BGL-I or 0.02U BGL-II) was pre-incubated with phenol 2mM final concentration in 
50mM potassium phosphate buffer (pH6.5) at 50 °C for 2 minutes. After addition of 
PNPG to initiate the reaction, mixtures were incubated for a further 5 minutes at 50 °C 
and enzyme activity calcvdated from the amount of p-nitrophenol released • 








Substrate specificity of BGL-I and BGL-I I towards a range of p-nitrophenyl-
linked glycosides was determined in standard assay mixtures (1.0 ml total volume) as 
follows: enzyme (0.06U BGL-I or 0.02U BGL-II) was pre-incubated with the p-
nitrophenyl-linked glycoside under test (2mM as final concentration) in 50mM potassium 
phosphate buffer (pH6.5) at 50 °C for 5 minutes. Enzyme activity was calculated from the 
amount of released. In cases where no j^-nitrophenol was released, the incubation period 
was extended to 15 minutes. 
2,6.8 Substrate specificity towards different cellulosic substrates, mono- and 
disaccharides, hemicellulose, sugar alcohols and saponins ， 
Substrate specificity o fBGL- I and BGL-II towards a range of different cellulosic 
substrates, mono- and disaccharides, hemicellulose, sugar alcohols and saponins was 
determined by measuring the amount of glucose released from various test substrates. 
Enzyme was incubated with each substrate (20mM final concentration) in 50mM 
potassium phosphate buffer (pH6.5) at 50� C for 20 minutes. The total volume of reaction 
mixture was l.Oml. At the end of incubation period, the reaction was terminated by 
boiling the reaction mixture for 2 minutes. After cooling to room temperature, 2ml of a i 
solution containing 50mM potassium phosphate buffer, glucose oxidase (5U), horseradish ;| 
peroxidase (2.5U) and o-dianisidine (lOmM, 10 fil) was added to the mixture (Lymar et | 
al., 1995) which was then allowed to stand at room temperature for 20 minutes. 
Concentrated sulphuric acid (10 ^1) was added to stabilize the colour, and the absorbance 
at 420nm was determined. The amount of glucose produced was assessed from a standard 
curve for glucose. In assays containing either salicin or esculin, controls ofsubstrate and 
the phenolic compounds released as a result of enzymic hydrolysis were also included. 
However, no absorbance at 420nm was observed with esculin or salicin, or with the 
corresponding aromatic hydrolysis products, esculetin and saligenin, respectively. 
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BGL-I I (O.lU) was added to 1.0ml phosphate buffer (50mM, pH 6.5) containing 
cellulose (either CMC or Sigmacell) and incubated at 40 °C for 60 minutes with 
agitation.. The final concentration of cellulose was 0.27% (w/v). Reaction mixtures were 
then centrifuged and 0.5ml supernatant was used for the assay of unbound p-glucosidase 
using PNPG as substrate under standard conditions. Controls were incubated with 
phosphate buffer under the same conditions. 
2.6,10 Effect of purified ^-glucosidase on the production of glucose from crystalline 
cellulose and carboxymethylcellulose by Aspergillus niger cellulase 
Aspergillus niger cellulase (0.5 ml; corresponding to 30^ig protein) was 丫 
incubated in 2.5ml potassium phosphate buffer (50mM, pH 6.5) containing either 
carboxymethylcellulose or microcrystalline cellulose (Sigmacell). The final concentration 
of the cellulose substrate was 0.27% (w/v), Purified BGL-II (6 g protein, 0.24U) was 
incorporated into test reaction mixtures which were then incubated at 40 °C with 
agitation. Aliquots ( lm l ) were withdrawn at 30 and 60 minutes and the samples boiled for 
2 minutes to terminate cellulose hydrolysis and then cooled to room temperature. The 
amount of glucose released was determined using the glucose oxidase method. 
2.7 Miscellaneous analytical methods 
.’ I 2.7.1 Protein determination 
j 
Protein was determined by the dye-binding method described by Bradford (1976) j 
using the Protein Determination Ki t I I (Biorad). Protein solution (0.8ml; < 25 |j,g) was 
mixed thoroughly with 0.2ml dye solution. After standing for 5 minutes at room 
temperature, the absorbance at 595nm of the mixture was determined in a Milton Roy 
Spectrophotometer Spectronic 3000 model and the amount of protein determined from a 
standard curve using bovine serum albumin as standard. Protein in column eluates during 
protein purification were monitored by measuring 2^so • 
2.7.2 Determination of isoelectric points 
69 
^ 
Isoelectric points were determined using the PhastGel system in combination with 
the following standard pI markers: amyloglucosidase (pI 3.50), methyl red (pI 3.75), 
soyban trypsin inhibitor (jpl 4.55), P-lactoglobulin A (pI 5.20), bovine carbonic 
anhydrase B (pI 5.85), human carbonic anhydrase B (pI 6.55), horse myoglobin Q3I 6.85), 
horse myoglobin ( p l 7.35), letil lectin (jpl 8.15), lentil lectin (pI 8.45), lentil lectin (pI 
8.65) and trypsinogen (pI 9.30). 
2.7.3 Activity staining of gels for cellulolytic enzyme activity 
(i) P-glucosidase 
After non-denaturing PAGE using either the Min i Protean-II or PhastGel ^ 
systems, gels were treated with 0.5ml 40mM PNPG and incubated at 50 °C for lOmin. 
Protein bands exhibiting P-glucosidase activity were identified by the development of a 
yellow colour due to the release ofp-nitrophenol. 
(ii) total endoglucanase 
After non-denaturing PAGE using the Mini Protean-II, a layer of agar (1%) 
containing 1% CMC and 50mM phosphate buffer (6.2) was poured onto the surface of 
the gels while the agar solution was still warm (approx. 60 °C). After gelling, the gel-agar 
complex was incubated at 40 °C for 60 minutes and then the agar layer was separated 
I 
from polyacrylamide gel and stained with 0.1% (w/v) Congo red for 15 minutes at room 
temperature. The specimen was then destained with 1.0 M sodium chloride for 15 ^ 
minutes and endoglucanase activity detected by the formation ofclear zones. 
(i i i) cellobiohydrolase 
After electrophoresis under non-denaturing conditions using the PhastGel system, 
gels were treated with 30p,l of a solution containing 0.3mM 4-
methylumbelliferycellobioside and 20mM glucolactone and incubated at 50 °C for 10 
minutes. Protein bands with CBH activity were located by exposing the gel to UV light 




After electrophoresis under non-denaturing conditions using the PhastGel system, 
gels were treated with 30^il of a solution containing 0.3mM 4-
methylumbelliferycellobioside, 20mM cellobiose and 20mM glucolactone and incubated 
at 50 °C for 10 minutes, and then exposed to UV. Protein bands with EG-I activity were 
located by exposing the gel to UV light (350nm) to detect the fluorescent marker released 
as a result of enzyme activity. 
(v) endoglucanase-III 
After electrophoresis under non-denaturing conditions using the PhastGel system, 
gels were treated with 30^il of a solution containing 0.3mM 4- ^ 
methylumbelliferycellotrioside and 20mM cellobiose and incubated at 50 °C for 10 
minutes, and then exposed to UV. Protein bands with EG-III activity were located by 
exposing the gel to UV light (350nm) to detect the fluorescent marker released as a result 
of enzyme activity. 
^ 2.7.4 Staining for glycoprotein 
After non-denaturing PAGE using the Mini Protean-II system, gels were rinsed 
in distilled water for 5 minutes and then treated with 1% (w/v) periodic acid for 5 minutes 
in the dark. Following this oxidation step, the gel was rinsed again with distilled water for 
I 
2min and submerged in Schiffs reagent for 5min in dark. The gel was then rinsed with i 
three changes (2 min each) of 0.5% (w/v) sodium metabisulphite and washed in running ： 
tap water until the gel background was clear. Glycosylated proteins were identified by 
purple coloured bands. 
2.7.5 Molecular weight determination 
\ 
『 Molecular weights were determined by gel filtration in phosphate buffer (lOmM, 
pH6.5) on a Sepharose CL-6B column (gel bed size 0.5cm x 21 cm) calibrated with the 
i 
『 following reference proteins (molecular weight in parentheses): dextran blue (2000kDa), 
J thyroglobulin (669kDa), ferritin (440kDa), catalase (232kDa), adolase (159kDa) and 
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rate of 0.25ml/min controlled by a Pharmacia FPLC unit. The amount of protein applied 
ranged from 1 OO i^g to 200^ig. 
Molecular weights were also estimated by comparing the mobilities of purified 
proteins with those of standard proteins under SDS-PAGE. Myosin (200,000), P_ 
galactosidase (116,250), phosphorylase B (97400)，serum albumin (66,200), ovalbumin 
(45,000), carbonic anhydrase (31,000), trypsin inhibitor (21,500) and lysome (14,400) 
were used as molecular weight calibration standards. 
2.8 Production, purification and specificity of antibodies to p-glucosidases and EG-
III 1 
2,8.1 Antibodies to ^-glucosidases 
(i) Production of polyclonal antibodies: 
A modification ofthe method ofJurd (1981) was used to raise antibody to BGL in 
the rabbit. Antibodies were raised in a 3 kg male New Zealand rabbit in response to two 
subcutaneous injections of purified P-glucosidase at 4-week intervals. P-Glucosidase 
(0.18mg) in 1.0 ml 20mM sodium phosphate buffer (pH 7.3) containing 0.14M NaCl was 
mixed thoroughly with an equal volume of Freund's complete adjuvant and injected 
subcutaneously at four spearate sites on the upper legs (first injection). The second 丨； 
injection was carried out with p:glucosidase (0.37mg) in 2.0 ml buffer mixed with equal ‘ 
volume of Freund's incomplete adjuvant. Blood was collected 7 days after the second j 
injection and the serum separated by centrifugation (10,000 x g, 30 min, 4 °C). 
(ii) Purification of antibody: 
Antiserum (lOml) was applied to an Aff ini ty HiTrap Protein A column 
(Pharmacia) equilibrated with Buffer A (20mM sodium phosphate buffer, pH 7.0). 
Unbound protein was removed by washing the column with 10 ml Buffer A, and bound 
protein eluted with 100 m M citric acid-NaOH buffer, pH 3.0. Eluted fractions containing 
protein，determined from the absorbance at 280nm, were combined, adjusted to pH 7.0 
with 0.5M NaOH, freeze-dried and stored at -20 °C. The collected sample was assessed 
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for anti_P_glucosidase activity by the Ouchterlony double diffusion procedure, and the 
purity of the material confirmed by SDS-PAGE. 
(i i i) Specificity of antibodies: 
Interaction of serum and purified antibody with P-glucosidase was determined by 
immunodiffUsion and immunoblotting procedures (Bumette, 1981). 
a. Immunodiffusion: Ouchterlony double diffusion (Ouchterlony, 1949) was 
carried out in Petri plates containing 1% (w/v) agar in 50mM sodium phosphate buffer 
(pU 7.0) and 0.02% NaN3. The thickness of the gel was 5mm. A central well (0.6 cm dia.) 
surrounded by 6 peripheral wells located approximately 0.8 cm distant were cut into the ) 
gel. P-Glucosidase (200^ig, 50^il) was placed in the central well and serially diluted 
antiserum (1:1，1:2’ 1:4，1:8, 1:16, 1:32) placed in the peripheral wells. The plate was 
sealed with parafilm and incubated for 48 hr at room temperature prior to recording the 
formation of arcs of precipitation. 
The reactivity of purified antibody to various enzyme fractions was determined 
using the same procedure. In this case, 50^il (5.5mg/ml protein) purified antibody was 
placed in the central well and various enzyme-containing material in the peripheral wells. 
The various enzyme-containing material used were crude extract of mycelium (50 1，100 ^ 
g protein), concentrated ultrafiltered culture supernatant (50^il, lOO^ig prtein), purified p- ' 
glucosidase (50^il, lOO i^g protein) and partially purified extracellular p-glucosidase j 
(50^il, 60|ig protein). 
b. Western blotting: P-glucosidase was subjected to native PAGE (7.5 % gels) 
then transferred to nitrocellulose sheets using the Biorad electroblotting system. The 
nitrocellulose sheets were suspended for 1 hr in a blocking solution containing 0.5% 
BSA in TRIS-buffered saline (TBS:lOmM TRIS, 150mM NaCl, pH7.4) to saturate 
additional binding sites, and then for 2 hr in the same solution containing a 1:32 dilution 
of antiserum. After three 5 min washings with 0.1% BSA in TBS, the membrane was 
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antibody, a 1:3000 dilution of goat anti-rabbit antiserum conjugated to alkaline 
phosphatase. After six 10-min washes with TBS, the membranes were developed by 
overlaying with 1% agarose containing 0.2M TRIS-HC1 (pH 8.3), l m M MgCl2 and 
0.05% (w/v) 5-bromo-4-chloro-3-indolylphosphate. The sandwich was left to stand at 
room temperature until the p-glucosidase band stained blue. 
2.8.2 Antibodies to EG-III 
(i) Production of polyclonal antibodies 
A modification of the method of Baumhgarten et al. (1992) was used to raise 1' 
antibody to EG-III in the mouse. A sample of EG-III (O.lmg) obtained by anion 
exchanger chromatography on a Mono-Q column [Section 2.3.2.3(v)] was taken up in 
184^il 20mM sodium phosphate buffer ( p R 7.3) containing 0.14M NaCl. The dissolved 
i^  
protein solution was emulsified with an equal volume of Freund's complete adjuvant and 
injected intramuscularly into a female mouse (BABL/C, female, 9 week-old, body 
weight 25g). After seven days, a half dosage of EG-III protein dissolved in 92^il sodium 
phosphate buffer (20mM, pH .7.3) was emulsified with 92pil Freund's incomplete ； 
adjuvant and injected intramuscularly into the same mouse. The mouse was killed four j 
days after the second injection and the blood was collected. Antiserum (approx. 0.5ml) 
was obtained by centrifugation (10,000g, 30min) at 4 °C. 
(ii) Specificity of antibody 
Interaction ofantiserum serum with EG-III was confirmed by immunodiffusion 








2.9 Immunocytochemical studies 
2.9.1 Confocal laser scanning microscopy 
2.9.1.1 p-Glucosidases 
Cover slips coated with fungal hyphae from agar plate cultures containing 
different carbon sources were first tested for enzyme activity by covering the area of 
fungal growth with a layer of agarose (1% w/v) containing 40mM PNPG and incubating 
at 45-50 °C for 10 min. The appearence of a yellow colour due to the release of p-
nitrophenol confirmed the presence of p-glucosidase activity. Duplicate cover slips were 
briefly heat fixed followed by chemical fixing with 2% glutaraldehyde for 30 min. A 1 
modification of the methods of Usami et aL (1990)，Gallagher and Evans (1990), 
Kurzatkowski et al. (1993) and Ruhlard et al. (1993) was used for immunolabelling. After 
fixation, samples were washed for 5 min each in six changes of lOmM sodium phosphate 
buffer (SPB), pH 7.4，and then quenched for 2 hr in a blocking solution consisting ofthe 
same buffer containing 1% w/v bovine serum albumin (BSA) and 0.02% sodium azide 
(albumin-azide buffer, AZB), and normal goat serum (1:32 dilution). Hyphae were then 
incubated for 2 hr in a solution containing antiserum diluted 1:32 in AZB. Controls were 
incubated with with preimmune rabbit serum diluted 1:32 in AZB. After four 5-min | 
, • 
+ I f' 
washes with AZB containing 0.1% BSA, test and control samples were incubated for 15 ^ ！ 
min with goat anti-rabbit IgG-FITC-labelled antibody diluted 1:960 AZB containing j 
j. 
1.0% BSA, washed thoroughly with lOmM SPB and distilled water, air dried, and 
mounted in glycerol. Specimens were examined in a confocal laser scanning microscope I «. 
(Leica). 
^ Q 1 ^ F.ndoplucanase-III 
A modification of the methods of Usami et al. (1990)，Gallagher and Evans 
(1990)，Kurzatkowski et aL (1993) and Ruhlard et al. (1993) was used for 【 




containing different carbon sources were briefly heat fixed followed by chemical fixing 
with 2% glutaraldehyde (v/v) for 30 minutes. Samples were washed for 5 min periods of 
six changes in lOmM sodium phosphate (SPB), pH 7.4，and then quenched for 2 hr in a 
blocking solution consisting of the same buffer containing 1% bovine serum albumin 
(BSA) and 0.02% sodium azide (albumin-azid buffer, AZB),and normal rabbit serum 
(1:32). Hypha were then incubated for 2 hr in a solution containing anti-serum diluted 
1:32 in AZB. Controls were incubated with pre-immune mouse serum diluted 1:32 in 
AZB. After four 5-min washes in AZB containing 0.1% BSA，test and control samples 
were incubated for 15 min with rabbit anti-mouse-TRITC-labelled antibody diluted 1:64 ^ 
in AZB containing 1% BSA, washed thoroughly with 10 m M sodium phosphate buffer 
and distilled water, air dried, and mounted in glycerol. Specimens were examined in a 
confocal laser scanning microscope (Leica). 
2.9.2 Transmission electron microscopy 
i 
Small pieces ofrice straw ofapprox. 1 cm in length which had been colonized by 
the fungus following 4 days incubation at 32。C were fixed in 3% glutaraldehyde in O.lM 
sodium cacodylate buffer (pH 6.2) for 24 hr. After two 10 min washings with cacodylate 
buffer, samples were post-fixed in 1% osmium tetroxide in the same buffer for 1 hr. | 
I 
After a further three 10-min washes in cacodylate buffer, the post-fixed samples were ‘ 
dehydrated for 15 min periods in a graded ethanol series (50%, 70%, 85%, 95%, 100%, 
100%). Specimens were infiltrated for 4 hr periods with graded concentrations of spurr 
resin in absolute ethanol (1:2, 1:1, 2:1) at room temperature, and then with three changes 
ofpure spurr each o f2 hr duration. Specimens were finally embedded in resin for 16 hr at 
68 °C. 
Ultrathin sections of embedded tissue were mounted on uncoated copper grids 
(200 mesh) and treated for immunolabelling with the method modified from Usami et al., 
(1990)，Gallagher and Evans (1990)，Kurzatkowski et al. (1993) and Ruhlard et al. 
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hr and then incubated ovemight at room temperature in antiserum to P-glucosidase 
diluted 1:32 in AZB. Control samples were incubated with the same dilution of pre-
immune rabbit serum. After four 5-min washes in AZB containing 0.1% BSA, sections 
were incubated for 2 hr with goat anti-rabbit IgG-gold conjugate antibody (Sigma) 1:25 
diluted in AZB containing 1.0% BSA. After four lOmin washes with lOmM SPB ^>H 
7.4)，sections were rinsed with distilled water and stained in l%(w/v) uranyl acetate in 
ethanol for 20 min. Specimens were examined in a Joelex-II transmission electron 
microscope at 80kV. 
2.9,3 Scanning electron microscopy ) 
Small pieces of rice straw of approximately 1 cm in length which had been 
colonized by the fungus following four days of incubation at 32 °C were fixed in 3% 
glutaraldehyde in O.lM sodium cacodylate buffer (pH 6.2) for 24hr. After two 10-min 
washes in the same cacodylate buffer, samples were then post-fixed in 1% osmium 
jf 
tetroxide in the same buffer for lhr. After three 10-min washes in cacodylate buffer, 
samples were dehydrated for 15 min periods in a graded ethanol series (50%, 70%, 85%, 
95%, 100%, 100%) and dried to critical point with liquid carbon dioxide. The dried 
samples were coated with gold under vacuum. Specimens were examined in a scanning 
• I 
electron microscope (Joelex) at 15-20kV. ‘ 
2.10 Chemicals | 
Freund's incomplete and complete adjuvants, 4-methylimibelliferycellobioside, 4-
methylumbelliferycellotrioside, 4-methylumbelliferylactoside, Schiffs reagent, a-
amylase, p-laminaiinase, celluose (Sigmacell type 20), esculin, salicin, ;7-Nitr0phenyl-P-
D-glucopyranoside, Aspergillus niger cellulase, bovine serum, carboxymethylcellulose, 
Tween 80，normal goat serum, rabbit anti-mouse-TRIT conjugate, anti-rabbit gold-， 
alkaline phosphatase- and FIT- conjugates, were purchased from Sigma Chemical Co. 
(St. Louis, Mo.). 
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Aff in i ty HiTrap Protein A column, pI kit, Pharmalyte 3/10，PBE94, DEAE-
Sepharose 6B, Sephacryl HR S-200, Sepharose CL-6B, Polybuffer-96, Polybuffer-74, 
standard pI calibration kit 3/10，PhastGel homogradient and IEF gels, Mono-Q (HR 5/5) 
and Mono-P (HR 5/5) columns were from Pharmacia. 
Oxidizer solution, Silver reagent, Developer, precast ready gels, Aff i -Gel Blue 
Gel, Protein Determination Ki t II, Molecular weight calibration kits (low range and high 
range) for SDS-PAGE, reagents for polyacrylamide electrophoresis, precast ready gels, 
gel staining reagent, silver staining kits were from Bio-Rad. 
Potato Dextrose Broth (PDB) and Potato Dextrose Agar (PDA) were from Difco. ^ 







































































3.1 Effect of culture conditions on the growth, and the production of cellulolytic 
enzymes, by V. volvacea 
3.1.1 Growth 
Fungal growth of V. volvacea for 4.5 days on 50ml liquid medium supplemented 
with different substrates added at 1% is shown in Fig. 3-1. Fungal growth of this fungus 
in cultures using insoluble cellulose, xylan, or starch was not determined due to 
difficulties in separating residual solid substrate. Highest growth of the fungus was 
detected in the cultures using mannose as carbon source. Cellobiose, glucose, lactose, 
1 
maltose and xylose are also good carbon sources for the growth of V. volvacea. Good 
growth of V. volvacea was observed in the cultures using cellulose (Avicel), xylan from 
either birch wood or oat spelt although quantitative assessement was not done. V. 
volvacea also grew on CMC, soluble starch, galactose, sucrose, esculin and xylitol. 
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3.1.2 Endoglucanases 
No endoglucanase (CMC-hydrolysing activity) activity was detected in crude 
mycelial extracts of V. volvacea grown on various carbon sources including simple sugars 
and complex polysaccharides (Table 3-1-1). The effect of different carbon sources on the 
production of extracellular endoglucanases by V. volvacea grown in submerged culture 
with 1% (wtyVol) substrate at 32°C for 4.5 days is shown in Table 3-1-1. Highest levels of 
endoglucanase (EG) activity were detected in cultures containing Avicel or filter paper as 1 
growth substrates. Some EG activity was also found in cultures supplemented with CMC, 
cotton wool, salicin and xylitol as carbon source. 
Little or no extracellular EG activity was detected in cultures containing 
arabinose, cellobiose, galactose, glucose, lactose, marmose, maltose, sorbose, starch, 
sucrose, xylose, xylan, or esculin. 
A time course of extracellular EG production by V. volvacea grown on Avicel is 
I 
shown in Fig. 3-1-2. Enzyme ' activity was detected in culture fluids after 48 hrs ！ 
incubation and peaked (0.67U/ml culture fluid) after 5 days. 
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Table 3-1-1 Effect ofcarbon source on endoglucanase (EG) production by V. volvacea: 
Carbon sources Cell-associated EG Extracellular EG 
(U/mg protein) (mU/ml culture fluid) 
Arabinose 0 0 
Avicel (Sigmacell) 0 644 
Cellobiose 0 0 v 
CMC 0 57 
Cotton wool 0 5 
Esculin 0 0 
Filter paper 0 574 
Galactose 0 0 
Glucose 0 0 
Lactose 0 Q 
Maltose 0 0 
Mannose 0 0 
Salicin 0 3 
Sorbose 0 0 
Starch 0 0 
Sucrose 0 0 
Xylan (birch) 0 , 0 ; 
Xylan (oat-spellet) 0 0 ‘ 
Xyl i tol 0 48 
Xylose 0 0 
Values shown are the averages from duplicate experiments. Cultures were grown 
in 250-ml Erlenmeyer flasks containing 50 ml of medium at 32^C for 4.5 days. 
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Fig. 3-1-2 Production ofendoglucanase by V. volvacea grown on cellulose 
(Avicel) at 1% (w/v) in shake culture. Values represent the mean ofthree 
replicate cultures. Error bars are the standard deviations. When not shown, the 




For most of the substrates tested, no cellobiohydrolase (CBH, Avicel-hydrolysing 
activity) activity was detected in crude mycelial extracts of V. volvacea grown on a 
number of simple sugars and complex polysaccharides. Very low CBH activities 
(0.02U.mg protein) were detected in extracts of mycelia from cultures grown on cotton 
wool or salicin as carbon source (Table 3-1-2). The effect of different carbon sources on 
the production of extracellular cellobiohydrolase by V. volvacea grown in submerged ^ 
culture with 1% (wt/vol) substrate at 32°C for 4.5 days is shown in Table 3-1-2. Highest 
levels of the cellobiohydrolase (CBH) activity were detected in cultures containing 
Avicel or filter paper as growth substrates. Some CBH activity was also found in 
cultures supplemented with CMC, cotton wool, salicin and xylitol as carbon source. 
Little or no extracellular CBH activity was detected in cultures containing 
arabinose, cellobiose, galactose, glucose, lactose, mannose, maltose, sorbose, starch, .• 
sucrose, xylose, xylan, or esculin. 
A time course of extracellular CBH production by V. volvacea grown on Avicel is 
shown in Fig. 3-1-3. Enzyme activity was detected in culture fluids after 48 hrs 
incubation and peaked (0.13U/ml culture fluid) after 5 days. 
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Table 3-1-2 Effect of carbon source on cellobiohydrolase (CBH) production by V. 
volvacea: 
Carbon sources Cell-associated CBH Extracellular CBH 
(U/mg protein) (mU/ml culture fluid) ^ 
Arabinose 0 0 
Avicel (Sigmacell) 0 62.6 
Cellobiose 0 0 
CMC 0 5.9 
Cotton wool 0.02 5.2 
Esculin 0 0 
Filter paper 0 67.0 
Galactose 0 0 
Glucose 0 0 
Lactose 0 0 , 
Maltose 0 0 
Mannose 0 0 
Salicin 0.02 14.0 
Sorbose 0 0 
Starch 0 0 
Sucrose 0 0 
’ Xylan (birch) 0 0 
Xylan (oat-spellet) 0 0 
Xyl i tol 0 13.1 
Xylose 0 0 
Values shown are the averages from duplicate experiments. Cultures were grown 
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Fig. 3-1-3 Production of cellobiohydrolase by V. volvacea grown on cellulose 
(Avicel) at 1% (w/v) in shake culture. Values represent the mean ofthree 
replicate cultures. Error bars are the standard deviations. When not shown, the 





The effect of different carbon sources on production of cell-associated P_ 
glucosidases by V. volvacea is shown in Table 3-1-3. The fimgus was grown in liquid 
culture with 1% (Wvo l ) substrate at 32^C for 4.5 days. Highest levels of P-glucosidase 
were produced on salicin and sorbose, and Sigmacell, cotton wool, filter paper, CMC, 
cellobiose, lactose and esculin were also good carbon sources for enzyme production. 
1. 
Most of the p-glucosidase activity was cell-associated, irrespective of the carbon source 
used. No p-glucosidase activity was detected when glucose, mannose, maltose, sucrose, 
xylitol or starch served as the carbon source even though the fungus grew well on all 
these substrates. 
A time course of mycelium-associated P-glucosidase production by V. volvacea 
grown on different carbon sources is shown in Fig.3-1-4. Under the conditions used, 
highest levels of P-glucosidase were induced by growth on cellobiose although 
,• 
Sigmacell, lactose and CMC were confirmed as good carbon sources for enzyme 




Table 3-1-3 Effect of carbon source on P-glucosidase production by V. volvacea: 
Carbon sources Cell-associated p-glucosidase 
P-glucosidase (mU/ml culture fluid) 
(U/mg protein) 
Arabinose 0.5 21.5 
Avicel (Sigmacell) 3.3 120.3 
Cellobiose 1.5 34.9 
CMC 2.0 41.6 
Cotton wool 2.9 22.9 i 
Esculin 1.0 ND* 
Filter paper 2.7 113.6 
Galactose 0.3 0 
Glucose 0 0 
Lactose 1.2 52.8 
Maltose 0 0 
Mannose 0 0 
Salicin 5.1 22.4 
Sorbose 2.1 183.3 
Starch 0 0 
Sucrose 0 0 
Xylan (birch) 0.7 42.3 
Xylan (oat-spelt) 0.6 42.8 
Xyl i tol 0 0 
Xylose 0 ^ ^ 
ND*: Not determined due to interference from coloured culture supernatant. 
Values shown are the averages from duplicate experiments. Cultures were grown 
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Fig.3-l-4 Time course of cell-associated p-glucosidase production by V. 
volvacea grown on different carbon sources. Values represent the average of two 
replicate experiments. Bars are standard deviations. When not shown, the 
standard deviation error bars fall within the symbols. Symbols: 0 Sigmacell; • 
lactose; A CMC; V cellobiose;參 glucose. 
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The effect of different carbon sources on the production of extracellular p_ 
glucosidase by V. volvacea grown in 1% liquid culture for 4.5 days is shown in Table 3-
1-3. Highest levels of extracelular p-glucosidase were produced on microcrystalline 
cellulose, filter paper and sorbose, p-glucosidases were also produced on arabinose, 
cellobiose, CMC, cotton wool, lactose, salicin, xylan and xylose. No P-glucosidase 
activity was detected when galactose, glucose, mannose, maltose, starch, sucrose or 
xylitol served as carbon source even though the fungus grew well on these substrates. ) 
A time course of extracellular BGL production by V. volvacea grown on Avicel is 
shown in Fig. 3-1-5. Enzyme activity was detected in culture fluids after 48 hrs 
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Fig. 3-1-5 Production of p-glucosidase by V. volvacea grown on cellulose 
(Avicel) at 1% (w/v) in shake culture. Values represent the mean ofthree 
replicate cultures. Error bars are the standard deviations. When not shown, the 
standard deviation error bars fall within the symbols. 
91 
d 
\ ^ .. 
‘：I 
: ！ _ 1 : . I丨 
3.2 Purification of cellulolytic enzymes from V, volvacea 
3,2.1 Preliminary purification of\, volvacea extracellular cellulolytic enzymes 
12.1.1. fNHASO. precipitation 
Ammonium sulphate precipitation was found to caused a marked inactivation of 
enzyme activities (Table 3-2-1). Over 50% ofboth endoglucanase (EG) and 
cellobiohydrolase (CBH) activity, and 35% of p-glucosidase (BGL) activity was lost 
following a standard 80% O^H4)2SO4 precipitation. The specific activities ofboth EG 
and CBH were also decreased from approximately 5U/mg and 0.8U/mg to 2.8U/mg and ] 




Table 3-2-1 O^H4)2SO4 Precipitation 
V o l u m e ~ ~ T ^ CBH (U) EG (U) p-Glucosidase 
(ml) protein (mg) (U) 
pre-prec ip i ta t ion~~M 4T1 ^ ^ ^ 





Ultrafiltration was found to be a convenient method for concentrating V. volvacea 
culture fluids without excessive loss of cellulolytic enzyme activity. Only small quantities 
of P-glucosidase activity were lost during the concentration process. Recovery 
percentages (over several experimental batches) for EG, CBH and BGL in the retentate 
fraction following concentration by ultrafiltration (approx. 25-fold) through a Pellicon 
cassette of molecular weight cut-off 10,000 were 43-46%, 36-40% and 75-93%, 
respectively. Between 20-30% of the total EG and CBH was located in the permeate ‘ 
indicating that some protein fractions with EG and CBH have molecular weights of less 
than 10 kDa. 
^ 7-1-l Batch adsorption bv anion exchanger 
Extracellular EG, CBH and BGL activities bound poorly to anion exchangers 
such as DEAE. Levels of these enzymes residing in the supematants remained 
unchanged. After 30 minutes incubation with DEAE-Sepharose, at various pH values 
ranging from 4.2 to 7.8, followed by centrifugation (Table 3-2-2). 
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Table 3-2-2 Extracellular EG, CBH and BGL activity in residual supematants ) 
after incubation with DEAE anion exchanger: ~ " - ~ • ^ 
Control 4.2 4.6 5.0 5.4 5.8 6.2 6.6 7.0 
P-glucosidase 0.033 0.033 0.033 0.034 0.033 0.033 0.033 0.033 0.033 
EG 0.136 0.140 0.138 0.133 0.143 0.147 0.165 0.160 0.146 
CBH 0.020 0.022 0.015 0.023 0.020 0.021 0.020 0.020 0.020 
Note: Aliquots (0.3ml) ofenzyme sample containing BGL (33mU), EG(136mU) 
and CBH (20mU) were added to 1.5-ml Eppendorf tubes containing DEAE-
Sepharose pre-equilibrated with 50mM sodium phosphate citrate buffer of 
appropriate pH, and the gel-enzyme mixtures were incubated at room 
temperature for 30 minutes with shaking. At the end of incubation period, 




3.2.1.4 Separation bv column chromatography 
Most of the extracellular EG, CBH and BGL activity was separable from other 
proteins by anion exchange chromatography (Fig. 3-2-1). The bulk of these enzyme 
activities were eluted in the DEAE non-bound fraction. Gel filtration of this non-bound 
sample resulted in only poor separation, and the three types of enzyme activity were 
detected in fractions corresponding to the same protein peak (Fig. 3-2-2). Analysis of the 
active fractions obtained from gel filtration by native PAGE revealed over thirteen 
1 
protein bands exhibiting similar electric charge (Fig.3-2-3). Schif fs reagent staining 
following gel electrophoresis revealed that most of these protein species were 
glycoslated. 
After electrophoresis using preparative native gels, V. volvacea culture fluids 
containing EG, CBH and BGL activity could be separated into eleven gel fractions 
according to a reference gel stained with Coomassie brilliant blue. Protein materials 
eluted from individual gel slices exhibited different enzyme activities, and the migration 
properties were confirmed by re-electrophoresis on native gels (Fig. 3-2-4). Results 
indicate that there are at least five CBH,s, five EG's, and two BGL's present in culture 
fluids of V. volvacea grown on cellulose. These enzymes are very difficult to separate by 
routine purification techniques. Several conventional procedures including ionic 
exchange (FPLC Mono-Q, Mono-S, Mono-P)，hydrophobic interaction (FPLC 
Phenylsuperose), and affinity (Affi-Gel blue gel) chromatography under different 






from the gel filtration step. However, in all cases, EG, CBH and BGL activity was 
present in the same fractions and eluted as gel matrix non-bound fractions. Although 
some fractions separated with preparative gel electrophoresis using the Precell491 unit 
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Fig. 3-2-1 Chromatography of culture supernatant of V. volvacea on DEAE-
Sepharose. Parameters : collected fraction size : 8.4ml; elution rate, 1.2ml/min; 
bed volume ofgel , 320 x 26mm; elution, lOmM potassium phosphate buffer (pH 
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Fig. 3-2-2 Sephacryl HR S200 gel filtration of the non-bound fraction from 
DEAE-Sepharose. Chromatography parameters: bed volume ofgel，1200 x 20 
mm; elution rate: 0.7ml/min; collected fraction size, 5.4ml; elution, lOmM 
potassium phosphate buffer (pH 6.2). Symbols: •，endoglucanase; O， 
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Fig. 3-2-3 Native polyacrylamide gel (7.5%) electrophoresis ofthe EG, CBH 
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Fig. 3-2-4 Identification by native PAGE of EG (CMCase), CBH 
(Avicelase), and P-glucosidases activities in the culture filtrates from V. 
volvacea previously electrophoresed on a preparative PAGE. Gel concentration in 
both cases is 12%. 0.2-0.5 ^ig protein was loaded per well and proteins were 
located by silver staining after electrophoresis. Lane numbers slices ofpreparative 
gel. The slices were made according to the position of proteins separated in the 




The results of a typical CBH enzyme purification procedure are summarized in 
Table 3-2-3. The DEAE-non bound fraction (Fig.3-2-1，fractions 7-24) was separated 
into two portions by anion exchanger PBE94 chromatography when the pH was increased 
to 9.4 (Fig. 3-2-5). 
Most of the CBH activity (84U) was detected in PBE94-non bound fractions. 
PBE94-bound fractions were eluted at pH 7.7 and 0.4M NaCl, and contained 9.2U of 
CBH activity. Gel filtration using Sephacry HR S200 yielded CBH-containing fractions 
which were identified as homogenous by native-PAGE (Fig. 3-2-6a). However, two 
fractions (jA values of pH 8 to 9) were resolved by isoelectric focusing and found to 
contain most of the CBH following activity staining using 4-
methylumbelliferylcellobioside (Mu(Glc)2) both in the presence and absence of 20mM 
cellobiose. Eluted fractions from gel slices which catalysed the release of 4-
methylumblliferone from (Mu(Glc)2) in the absence of cellobiose did not produce 
glucose from microcrystalline cellulose (Sigmacell). The molecular weight of both 
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Fig. 3-2-5 Chromatofocusing of DEAE-non bound fraction of culture 
supernatant on anion exchanger PBE94. The culture supematants were from V. 
volvacea cultures using cellulose as substrates. Chromatography parameters: bed 
volume ofgel, 450 x 9mm; starting buffer, 25mM ethanolamine-HCl (pH 9.4); 
elution rate, 2ml/min; Collected fraction size, 8.7ml; elution, 10-fold diluted 
Polybuffer 96-HCl (pH 7.0). Symbols:……，absorbance at 280nm; 0 , CBH 




Table 3-2-3. Purification of cellobiohydrolase (CBH): 
“ ‘ Volume~~Protein Total CBH Specific activity 
(ml) (mg) activity of CBH (U/mg) 
(unit) 
Ultrafiltration l20 2 5 ^ M 7 s ^ 
DEAE-Sepharose 55.2 147.9 153.6 1.03 
non-bound (pH6.5) 
Chromatofocusing, 43.5 25.2 9.2 0.36 
PBE94-bound (pH 
9.4) 
Sephacry HR S200 26.3 7.2 7.5 1.04 
Isoelectric CBH1 0.5 0.13 + nd 
focusing 
CBH2 0.5 0.24 + ^ 
+: activity detected using 4-methylumbelliferylcellobioside as substrate; 
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Fig. 3-2-6 (a) Native PAGE ofthe PBE94-bound fraction with CBH activity 
(arrow), (b) SDS-PAGE ofthe two CBH fractions separated by isoelectric 
focusing. Lanes: 1, low range molecular markers; 2, CBH-1; 3, CBH-2. Numbers 
on left are molecular weights (kD). 
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3,2.3 Endoglucanase enzymes 
The fraction which did not bind to anion exchanger PBE94 (25mM ethanolamine-
HCl, pH9.4) was treated with the polysaccharidases a-amylase and p-laminarinase for 24 
hours in order to remove the glycosyl moiety from the proteins. No change in the EG, 
CBH and BGL activities were observed following this treatment. However, the treated 
sample exhibited improved binding properties with respect to anion exchangers. IEF-
PAGE in combination with specific activity staining for EG-III, CBH, EG-I and P_ 
glucosidase revealed this partially deglycosylated sample to consist of over 14 proteins 
species including at least three CBH isoforms, EG-I and EG-III, and two isoforms of p-
glucosidase. The CBH isoforms had higher pI values (7.4 to 8.6), while EG-III exhibited 
lower pI values. The isoelectric points of most CBH, EG-I and P-glucosidase isoforms 
fell with the narrow range from 6.6 to 7.4 (Fig. 3-2-7). Fractions obtained by isoelectric 
focusing in a Rotorfor unit using a pH range from 3 to 10, or by re-focusing using the 
pH band 4 to 6.0, were shown by SDS-PAGE to consist of several protein bands. 
A fraction, EG-III, was isolated by chromatography using a FPLC Mono-Q 
column equilibrated at pH 9.4 and pH 6.8. The results of a typical enzyme purification 
procedure are summarized in Table 3-2-4. 
EG-III bound to the Mono-Q column at pH 9.4 following partial deglycosylation, 
and the bound enzyme was eluted at a concentration of l M NaCl (Fig. 3-2-8). When 
applied to the same column equilibrated at pH 6.8，the bound EG-III were eluted at a 
concentration ofapprox. 0.7M NaCl (Fig. 3-2-9). The active fractions were not resolved 
further by anion exchange chromatography using Mono-Q or Mono-P column 
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chromatography, or by hydrophobic interaction using Phenylsuperose column 
chromatography. 
The fraction obtained was shown to consist of at least three EG-III isoforms all of 
which cleaved 4-methylumbelliferylcellotrioside [MeUmb(Glc)3] but were unable to 
release glucose from CMC [Table 3-2-4 (part-2)]. EG-III isoforms had isoelectric points 
ofbetween 4.6 and 5.2 (Fig. 3-2-10). 
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Fig. 3-2-7 IEF PAGE ofthe de-glycosylated PBE94-non bound fraction. 
Numbers on left are pI values. Lanesr 1 and 2, pI markers; 4 to 8, glycosylated 
PBE94-non bound fraction. Proteins were finally stained with Commassie 
brilliant blue R-250 after specific staining for enzyme activities. EG1 and EG3 
represent EG-I and EG-III, respectively. 
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Fig. 3-2-8 FPLC Mono-Q chromatography of de-glycosylated PBE94-non 
bound fraction. Buffer: 25mM ethanolamine-HCl (pH 9.4); f low rate: l.Oml/min; 
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Fig. 3-2-9 FPLC Mono-Q chromatography of the M o n o -Q-bound fraction 
(fractions 25#-30#, Fig. 3-2-8). Buffer: lOmM potassium phosphate buffer (pH 
6.8); f low rate: l.Oml/min;collected fraction size: l.Oml. Symbols: , 
absorbance at 280nm; NaCl gradient. 
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Fig. 3-2-10 IEF-PAGE ofthe EG-III isolated from the FPLC Mono-Q 
chromatography step(Fig. 3-2-9, fractions 27#-30#). Numbers on right are pI 






Table 3-2-4(Part-l). Purification of endoglucanase-III: 
Purification steps Volume (ml) Total Total EG Specific 
protein (mg) activity (U) activity 
(U/mg) 
1. Culture supernatant 4000 6 ^ 3 ^ 5 ^ 
2. Ultrafiltration 160 264 1660 6.2 
3. DEAE-Sepharose 318 163 1532 9.4 
(pH 6.2) non-bound 
4. Anion PBE94 non- 25 93 857 9.2 
bound (pH 9.4) 
5. Deglycosylation 4.8 79 728 92 
with a-amylase and P_ 
laminarinase 
Table 3-2-4(Part-2). Punf i^ t ion o f ^end^bc^se^ I I L 
—:Fi^I^ItTi^iTsIeps Volume Protein Total EG EG-I EG-III CBH 
(ml) (mg) activity activity activity 
W 
"D^lycosylated 0.5 S3 76 + + + 
sample 
6. Mono-Q - 4 4.6 0 + + -
bound (pU9A) 
7. Mono-Q - 2 2.0 0 - + " 
bound (pH6.8) • 
+: activity detected using 4-methylumbelliferycellotriose; 
- :no activity; 
Total EG: activity detected using CMC. 
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3.2,4 Cell-associated ^-glucosidase enzymes 
Two cell-associated P-glucosidase, BGL-I and BGL-II, were purified to 
homogeneity from mycelial extracts of V. volvacea grown on Sigmacell. The results of a 
typical enzyme purification procedure are summarized in Table 3-2-5. 
The cell-associated P-glucosidases were bound to the anion exchanger DEAE at 
pH 6.5 and the bound enzymes were eluted at a concentration of 0.4-0.5 M NaCl (Fig. 3-
2-11). When applied to a gel filtration based on molecular weight, the active DEAE-
bound fraction was further separated. Proteins in the active fraction were eluted at early 
stage of the gel filtration chromatography and appeared to have relatively higher 
molecular weights (Fig. 3-2-12). The active fractions from gel filtration were further 
separated from other residual proteins by a second run on DEAE-containing column. The 
active fraction ofenzyme was eluted at approximately 0.2M NaCl gradient (Fig. 3-2-13). 
FPLC on a Mono-Q column revealed one major peak and one very minor peak of 
p-glucosidase activity (Fig. 3-2-14). The major peak was separated into two active 
enzyme peaks upon FPLC on a Mono-P column (Fig.3-2-15). This step yielded two 
proteins found to be homogeneous by IEF and native PAGE. BGL-I was purified 32-fold 
with a 4.9% retention oftotal cell-associated activity and 0.21% retention oftotal protein 
while BGL-I I was purified 24-fold with a 3.6% retention of total cell-associated activity 
and 0.42% of to ta l protein. The purified BGL-I and BGL-II p-glucosidase had specific 
activities of61.4U and 44.8U per mg ofprotein, respectively (assayed at 50°C and pH 6.5 
with PNPG as the substrate). 
113 
A 
Table 3-2-5 Purification of cell-associated p_glucosidase-I (BGL-I) and P-glucosidase-
I I (BGL-II) from V. volvacea: 
Step Total Total Specific Recovery Purification 
protein activity activity (%) (fold) 
(mg) (U) (U/mg of 
protein) 
Crude extract 662 1260 1.9 100 1 
DEAE-Sepharose 214 1255 5.9 99 3.1 
CL-6B 
Sephacryl HR-200 130 1062 8.2 84 4.3 
DEAE-Sepharose 49 760 15.7 60 8.3 
CL-6B 
Mono-Q HR 5/5 10.2 542 53.1 43 28 
Mono-P HR 5/5 BGL-I 1.4 85 61.7 6.7 32 
BGL-I I 2.8 123 43.9 ^ 23 
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Fig. 3-2-11 Separation of cell-associated p-glucosidase on DEAE-Sepharose-
containing column (450 x 30mm). Chromatography parameters: elution, lOmM 
potassium phosphate buffer (pH 6.5) with NaCl gradient from 0 to 1 .OM at a rate 
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Fig.3-2-12 Gel filtration ofDEAE-bound fraction of enzyme (Fig. 3-2-9) on 
Sephacryl HR S200 column (1,200 x 20mm). Elution, lOmM potassium 
phosphate buffer (pH 6.5) at a rate of0.4ml/min. Symbols:……，absorbance at 
280nm; -0- , enzyme activity. 
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Fig. 3-2-13 Separation ofcell-associated p-glucosidase from gel filtration on 
DEAE-Sepharose-containing column (450 x 30mm). Chromatography parameters: 
elution, lOmM potassium phosphate buffer (pH 6.5) with NaCl gradient from 0 to 
l .OM atarate of 1.5 ml/min. Symbols: , absorbance at 280nm; -o-, enzyme 
activity; ----, NaCl gradient. 
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Fig. 3-2-14 Separation of p-glucosidase by FPLC using a Mono-Q HR 5/5 
column. Elution, 25 mM potassium phosphate buffer (pH 7.5) with NaCl gradient 
from 0 to 1.0 M at a rate of 0.5ml/min. Symbols: absorbance at 280nm; -o-, 
enzyme activity; ----，NaCl gradient. 
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Fig. 3-2-15 Separation o fBGL- I and BGL-I I by FPLC using a Mono-P HR 5/5 
column. Chromatography parameters: starting buffer, 25 m M potassium 
phosphate buffer (pH 6.5); elution 10-fold diluted Polybuffer 74-HCl (pH 4.0). 





3.2.5 Extracellular f>-glucosidase enzymes 
The results of a typical extracellular BGL enzyme purification procedure are 
summarized in Table 3-2-6. The DEAE-non bound fractions (corresponding to fractions 
7-24 of Fig. 3-2-1) was separated into two portions by anion exchanger PBE 
chromatography. Most of extracellular BGL activity (162U) was detected in a fraction 
which did not bind to anion exchanger PBE94 (25mM ethanolamine.HCl, pH 9.4). Gel 
filtration of th is fraction using Sepharose CL-6B yielded a protein peak which contained 
most of BGL activity. The combined sample of the BGL-containing fractions obtained 
was shown as homogenous by native PAGE in combination with activity staining for P-
glucosidases. However, IEF-PAGE revealed that this peak consisted of several protein 
species. The BGL-containing fractions obtained from the gel filtration step were not 
separated further by anion exchange chromatography using Mono-Q or Mono-P column 
chromatography, or by hydrophobic interaction using Phenylsuperose chromatography. 
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Table 3-2-6 Partial purification of extracellular P-glucosidase 
"Step “ Volume Total Total Specific~~Purification~~ 
(ml) protein Activity Activity factor 
(mg) (U) (U/mg) 
Culture supernatant 3 m 4 l6 3% ^ 
Ultrafiltration 120 250.8 292 1.2 1.3 
Sephacryl HR S-200 87 125 248 2.0 2 
DEAE-Sepharose 135 74 185 2.5 2.8 
PBE94 anion exchange 160 52 162 3.1 2.8 
-non-bound (pH 9.4) 
Sepharose CL-6B nd nd + nd nd 
、 +T actIvTty toe5:^ with rapid assay method; 











3.3 Characterization of cell-associated p-glucosidases from V. volvacea 
3.3,1 Influence of pHand Temperature 
The effect of pH on enzyme activity was measured under standard conditions in 
50mM citrate-phosphate and potassium phosphate buffers spanning a pH range from 4 to 
8. Both isozymes displayed relatively broad pH optima ofbetween 6.2 and 7.4 for BGL-I 
and between 5.4 and 6.6 for BGL-2. The maximum velocities were recorded at pH 7.0 
and 6.2 for BGL- I and BGL-I I , respectively (Fig. 3-3-1). 
The velocity o fPNPG hydrolysis by each isozyme was determined at temperatures 
ranging from 20 to 70°C. The optimum temperature for the reaction under the conditions 
used was between 55-60。C for both BGL-I and BGL-I I (Fig. 3-3-2). Rapid denaturation 
of the enzyme occurred in reaction mixtures above 60°C. The activation energies of the 
enzyme reactions between 20 and 50。C, as determined by Arrhenius plots, were 41.9 and 
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Fig. 3-3-1 Effect o f p H on BGL-I and BGL-II activities from V. volvacea. The 
enzymes were incubated at the appropriate pH under standard assay conditions. 
Symbols: -0- , BGL-I sodium phosphate-citrate (50mM, pH 3.8 to pH 6.0); - • - , 
BGL-I potassium phosphate (50mM, pH 5.8 to pH 8.0); -•-，BGL-II sodium 
phosphate-citrate; -•-，BGL-II potassium phosphate. The enzymes were used 
at 0.06 U/ml and 0.02 U/ml for BGL-I and BGL-II, respectively. 
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Fig. 3-3-2 Effect oftemperature on the activities o fBGL- I and BGL-I I from 
K vovalcea. Values shown are the averages from duplicate experiments. Aliquots 
ofeach isoform were incubated at each temperature for 2 minutes prior to addition 
ofPNPG subtrate. Activity was determined by measuring the release ofj?-
nitrophenol (400nm) during the first 5 min of reaction at pH 6.5 at each 
temperature. Symbols: -0- , BGL-I; - • - , BGL-II. The enzymes were used at 0.06 
U/ml and 0.02 U/ml for BGL-I and BGL-II, respectively. 
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3,3.2 Enzyme stability 
Purified BGL-I (0.5mg/ml) was inactivated after storage at -20°C in 50mM 
potassium phosphate buffer (pH6.5) for 45 days, and less than 5% of the activity 
remained after storage at 4°C. Samples of BGL-II (0.6mg/ml) in the same buffer retained 
20% and 63% ofthe original activity after 45 days storage at -20°C and 4°C, respectively 
(Table 3-3-1). 
The thermal stabilities ofpurif ied BGL-I and BGL-II from V. volvacea are shown 
in Fig. 3-3-3. Purified BGL-I in 50 m M potassium phosphate buffer (pH 6.5) (0.06 U/ml) 
was stable at 50°C for 20 min but retained only 30% of the activity of controls after one 
hour exposure at this temperature. Fifty percent and 25% activity remained after exposure 
at 60°C for 5 and 60 min, respectively, and the enzyme was inactivated after 5 minutes at 
70°C. Purified BGL-II in 50 m M potassium phosphate buffer (pH 6.5) (0.02 U/ml) 
o 
retained 88% and 74% of the activity of controls after one hour at 40 and 50 C, 
respectively, and 27% activity remained after 5 min at 60。C. The enzyme was inactivated 
after 5 min at 70°C and after 1 hour at 60°C. 
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Table 3-3-1 Stability o fBGL- I and BGL-I I o fK volvacea during storage: 
Activity (U/mg protein) 
BGL-I BGL-I I 
Control ^ ^ 
Stored at -20°C for 45 days 0 8.96 
Stored at 4。C for 45 days ^ ^ 
Values shown are the averages from duplicate experiments. 
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Fig. 3-3-3 Effect oftemperature on the stability of BGL-I (A) and BGL-II (B). 
The enzyme solutions in phosphate buffer (50 mM, pH 6.5) were incubated at the 
various times shown, and the residual enzyme activity was assayed by the 
standard assay. The enzymes were used at 0.06 U/ml and 0.02 U/ml for BGL-I 
and BGL-II, respectively. Symbols: -o- , 20。C; -•-，30°C; -A-, 40。C; -•-，50 C; 
- • - , 60°C; - • - , 70°C. 
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3,J.J Kinetic parameters 
The dependence of the rate of PNPG hydrolysis by BGL-I and BGL-II on the 
substrate concentration at pH 6.5 and 50°C followed Michaelis-Menten kinetics. 
Reciprocal plots showed apparent K ^ values of 90fiM and 500^iM, and「max values of 
67 and 45 ^imol.min"^.mg of protein"^ for the hydrolysis of PNPG by BGL-I and BGL-
II, respectively (Figs. 3-3-4 and 3-3-5). The reciprocal plot for PNPG hydrolysis by BGL-
I departed from linearity at concentrations above 4mM, indicating some inhibition at 
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Fig. 3-3-4 Double reciprocal plot o fBGL- I activity on PNPG. p/。]: reaction 
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Fig. 3-3-5 Double reciprocal plot o fBGL- I I activity on PNPG. p/。]： reaction 
velocity, ^imole (PNP) /min; [S]: substrate (PNPG) concentration, mM. 
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3,3,4 Enzyme inhibitors 
The effect of various inhibitors or activators on BGL-I and BGL-II was studied 
using PNPG as substrate (Table 3-3-2). Activities of the isozymes were unaffected by 
Mg2+，Mn2+，Ca2+ (each at 5mM), but both isozymes were completely inhibited by 
Hg2+ ( lmM). BGL-I and BGL-II were inhibited by 69% and 39%, respectively by l m M 
Cu2+, and low level inhibition o fBGL- I I (7%) was observed with Z i ^+ (5mM), and of 
BGL-I (11%) in the presence of l m M Co〕+. 
The effect of some common p-glucosidase inhibitors are summarized in Table 3-
3-3. The activity of BGL-I was inhibited (degree of inhibition shown in parentheses) by 
l m M catanospermine (92%), l m M j!7-chloromericuribenzoate (50%), 5mM 
aminopyridine (52%), 5mM 5-gluconolactone (40%), 5mM N-ethylmaleimide (32%), 
5mM imidazole (28%), 5mM benzimidazole (16%), and 5mM guanidine HC1 (6%), but 
was unaffected by i sop ropy l -P-D-thioglucopyranoside ( lmM) and 4-phenylpyridine 
(5mM). The activity of BGL-H' was inhibited by l m M castanospermine (93%), l m M 
i s o p r o p y l - p - D- thioglucopyranoside (45%), l m M ;7-chl0r0mercuribenz0ate (39%), 5mM 
aminopyridine (32%), 5mM 5-gluconolactone (49%)，5mM N-ethylmaleimide (18%), 
5mM imidazole (22%), 5mM benzimidazole (12%) and 4-phenylpyridine (7%), but was 
unaffected by 5mM guanidine.HCl. 
Both BGL-I and BGL-II were also inhibited by several aromatic acids and 
aldehydes (Table 3-3-4). BGL-I was inhibited 85% and 26%, respectively by vanillin (4-







but was unaffected by 4-hydroxybenzoic and 4-hydroxycinnamic acids (each at 2mM). 
BGL-I I was also unaffected by 4-hydroxybenzoate but was inhibited by 4-
hydroxycinnamic acid (15%), ferulic acid (26%), vanill in (15%), and 4-
hydroxybenzaldehyde (72%). 
Both BGL- I and BGL- I I activity towards j!7-nitrophenylglucopyranoside was also 
inhibited by glucose (Table 3-3-5). 
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Table 3-3-2 Effect ofmetal ions on BGL-I and BGL-II from V. volvacea: 
Metal ions Relative activity (%) 
BGL-I BGL-II 
C u " ( S O : ) ~ h n M Yl ^ 
‘ 5mM 0 0 
Hg2+(Cr)2 l m M 0 0 
2 5mM 0 0 
Mg2+(S0/-) l m M 100 100 
‘ 5mM 100 100 
M n ' ( S O / " ) l m M 100 100 
‘ 5mM 100 100 
C : ( C r ) 2 l m M 100 100 
‘ 5mM 100 100 
Zn^ ( S 0 / " ) l m M 100 100 
‘ 5mM 100 93.3 
Co2+(Cr)2 l m M 88.9 100 
2 5mM ND N P 
• Note: relative activity is expressed as a percentage of the activity observed in 
the absence ofmetal ion. The control values for BGL-I and BGL-II are 
、 58.9U/mg and 40.6 U/mg, respectively. Values shown are the averages from 
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Table 3-3-3 Effect of some inhibitors on BGL-I and BGL-II from V. volvacea 
Inhibitors Relative activity (%) 
BGL-I BGL-II 
5-Glucolactone l m M 9 ^ 9 ^ A ~ 
5mM 60.0 51.4 
Benzimidazole l m M 100 89.7 
5mM 84.0 87.9 
Condursitol B Epoxide l m M 100 100 
5mM 100 100 
;7-Chloromercuribenzoic acid l m M 49.6 61.0 
5mM 44.0 56.9 
Guanidine,HCl l m M 94.0 100 
5mM 93.2 100 
4-Phenylpyridine l m M 100 100 
5mM 100 93.3 
Castanospermine l m M 8.0 7.0 
5mM ND ND 
Imidazole l m M 100 議 
5mM 72.0 77.6 
7V-Ethylmaleimide l m M 92.0 77.6 
5mM 68.0 82.0 •t-： 
Aminopyridine l m M 84.0 ^ ^ ? 
5mM 48.0 68.3 
Isopropyl-p- l m M 100 ^ ^ 
： D-thio-glucopyranoside 5mM ] ^ 
！ Note: relative activity is expressed as a percentage of the activity observed in 
the absence of enzyme inhibitor. The control values for BGL-I and BGL-II are 









Table 3-3-4 Effect of some lignin-derivative phenolic monomers on BGL-I and 
BGL-I I from V. volvacea: 
Phenolic monomers Relative activity (%) 
(2mM) BGL-I BGL-II 
4-Hydroxybenzoic acid 100 99.2 
4-Hydroxycinnamic acid 100 85.1 
4-Hydrox-3-methoxy-cinnamic acid 73.5 74.0 
4-Hydroxy-3-methoxy-benzaldehyde 15 8 5.5 
4-Hydroxybenzaldehyde ^ 28.1 
Note: relative activity is expressed as a percentage of the activity observed in 
the absence ofphenolic monomer. The control values for BGL-I and BGL-II are 





Table 3-3-5 Effect of glucose on PNPG activity of BGL-I and BGL-II from V. 
• volvacea: 
Relative activity (%) 
Glucose BGL-I BGL-II 
l m M r ^ ^ 
5mM 100 93.1 
lOmM 92.0 89.7 
50mM 80.0 793 
lQOmM ^ 62.0 
Note: relative activity was expressed as percentage against the activity tested in 
:’ the absence of glucose. The specific activities toward PNPG for BGL-I and 
BGL-I I are 58.9IU/mg and 40.6IU/mg, respectively. Values shown are the 







3,3,5 Substrate specificity 
The relative rates of hydrolysis of various substrates by purified BGL-I and BGL-
I I are presented in Table 3-3-6. Both isozymes hydrolyzed cellobiose and PNPG 
effectively; the relative rates of hydrolysis of PNPG compared to cellobiose were 78% 
and 155% for BGL-I and BGL-II, respectively. Esculin and salicin were hydrolyzed even 
more efficiently. The rates ofhydrolysis of these substrates by BGL-I were 3-fold and 4-
fold higher, respectively, and by BGL-I I 9.7-fold and 6.4-fold higher, respectively 
compared wi th cellobiose. Both isozymes exhibited some hydrolytic activity towards p-
nitrophenyl-a-D-glucopyranoside and p-nitrophenyl-a-L-arabinopyranoside, and BGL-II 
also hydrolyzed p-nitrophenyl-p-D-xylopyranoside at 29% of the rate for PNPG. 
However, purified enzymes had no detectable activity on maltose, lactose, sucrose, 
xylitol, microcrystalline cellulose (Sigmacell), CMC, /7-nitrophenyl-P-D-





Table 3-3-6 Relative initial rates ofhydrolysis of various substrates by purified BGL-I 
and BGL- I I from V. volvacea: 
Relative activity (%) 
Substrate BGL-I BGL-I I 
aryl-glycosides (2mM) 
p-Nitrophenyl-P"D-Glucopyranoside 100 100 
;7-Nitr0phenyl-a-D-Gluc0pyran0side 23.1 21.4 
p-Nitrophenyl-P-D-Galactopyranoside 0 0 
p-Nitrophenyl-P-D-xylopyranoside 29.1 0 
p-Nitrophenyl-P-D-Glucuronide 0 0 
j^-Nitrophenyl-P-D-lactopyranoside 0 0 
p-Nitrophenyl-P-D-cellobioside 0 0 
j!7-Nitrophenyl-a-L-arabinopyranoside 17.7 11.9 
oligosaccharides (20mM) 
Cellobiose 100 100 
Maltose 0 0 
Lactose 0 0 
Sucrose 0 0 
Xyl i to l 0 0 
CMC (1%) 0 0 
Cellulose (Sigmacell) 0 0 
Salicin 294 970 
Esculin 400 640 
j^-Nitrophenyl-P-D-Glucopyranoside(2mM) lJ_2_ 155 
Values shown are the averages from duplicate experiments with each substrate. 
Activity on saccharides was determined by measuring the release of glucose 
(glucose oxidase method), and on aryl-glucosides by measuring the release o f>-
、 nitrophenol (400nm). Sufficient enzyme was used to ensure a linear release of 
product during the first 5 min of reaction at pH 6.5 and SO^C. The relative initial 
rate of hydrolysis of a saccharide is expressed as a percentage of that obtained 
with cellobiose, and that of an aryl-glucoside is expressed as a percentage of that 
obtained with PNPG. The relative rates of hydrolysis of of PNPG by BGL-I and 
BGL- I I was 77.7% and 155%, respectively compared to that of cellobiose. BGL-I 
^ and BGL- I I were used at 0.24U/ml and 0.27U/ml, respectively. No activity was 
detected on: maltose { ( l ,4 )G lc linkage}, lactose { (1,4)} , sucrose {(1,2)} , 
Sigmacell { ( l , 4 )G lc } , CMC {( l ,4)Glc),p-nitrophenyl- -D-galactopyranoside { 
Gal},;7-nitrophenyl-P-D-lactopyranoside{(l,4)},p-nitrophenyl-p-D-cellobioside 
： { Glc}, and jc>-nitrophenyl-P-D-glucuronide { GlcA}. 
i 
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33,6 Cellulose-binding and hydrolysing properties 
Cellulose-binding capacity of BGL-II was examined in 50mM potassium 
phosphate buffer (pH 6.5) containing 0.27% (wt/vol) of either CMC or Avicel. The 
results are given in Table 3-3-7. No significant cellulose binding capacity was observed 
for BGL-II following an incubation at 40°C for up to 60 minutes compared to the control 
incubation with no cellulose. 
Hydrolysis of microcrystalline cellulose (Sigmacell type 20; 1%, wt/vol) and 
o 
CMC (1%, wt/vol) was performed in 50mM potassium phosphate buffer (pH 6.5) at 40 C 
with a cellulase preparation from Aspergillus niger (0.22U/ml) supplemented with 
purified BGL-II (0.08U/ml) from V. volvacea in a total volume of 3 ml. The hydrolysis of 
cellulosic substrates by A. niger cellulase, and A. niger cellulase supplemented with V. 
volvacea P-glucosidase-II are shown in Table 3-3-8. After 1 hour, there was a 9.7% 
increase in the amount of glucose (measured by the glucose oxidase assay) produced 
from microcrystalline cellulose by the cellulase preparation supplemented with BGL-II. 
After 30 min, the increase in the amount of glucose released from CMC by the cellulase 
preparation supplemented with BGL-II was 1.1%. BGL-II by itself released no glucose 
from either microcrystalline cellulose or CMC. Thus, BGL-II from V. volvacea had a 
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Table 3-3-7 Cellulose-binding capacity of BGL-I I toward microcrystalline 
cellulose and CMC: 
Activity (mU/ml) 
After incubation with CMC 50 
After incubation with microcrystalline cellulose 50 
Control 50 
Note: O.lU o fBGL- I I was added to 1.0ml phosphate buffer (50mM, pH 6.5) 
containing cellulose (either CMC or Sigmacell) and incubated at 40。C for 60 
minutes with agitation. The final concentration of cellulose was 0.27% (w/v). The 
reaction mixtures were then centrifuged and 0.5ml supernatant was used for 
enzyme assay using PNPG as substrate under standard conditions. The 
controls were incubated with phosphate buffer under the same conditions. Values 







Table 3-3-9 Effect o fBGL- I I of V. volvacea on cellulose hydrolysis hyA. 
ni^er cellulase: 
Relative activity to produce glucose 
W 
CMC hydrolysis (30minutes) 
A. niger cellulase 100 
A. niger cellulase + BGL-II 101 
BGL-I I 0 
Mirocrystalline cellulose hydrolysis (60minutes) 
A. niger cellulase 100 
A. niger cellulase + BGL-II 109.7 
BGL-I I 9. 
Values are expressed as a percentage of activity observed using A. niger cellulase. 
The amount ofglucose released from CMC and microcrystalline cellulose h y A . 






3.3.7 Molecular weights and isoelectric points 
Upon gel filtration, BGL-I and BGL-I I activities emerged as single discrete peaks 
at relative elution volumes corresponding to molecular weights of 158,000 and 256,000, 
respectively (Fig. 3-3-6). SDS-PAGE of purified BGL-I revealed two discrete bands, one 
band corresponding to a molecular weight of 64,000 and a more intense band of 54,000 
(Fig.3-3-7), signifying that the active enzyme was trimeric and composed of two smaller 
and one larger subunits. SDS-PAGE of purified BGL-I I indicated a molecular weight of 
87,000 (Fig.3-3-7), suggesting that the active enzyme was a trimer composed of three 
subunits of equal molecular weight. 
The purified BGL-I and BGL-I I showed a homogenous band on both isoelectric 
focusing and native PAGE (Fig. 3-3-8). The isoelectric points of BGL-I and BGL-II, as 
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Fig. 3-3-6 Gel filtration for molecular weight determination. Chromatography 
parameters: gel, Sepharose CL-6B (210 x 5 mm); f low rate, 0.25ml/min. 
Amount ofprotein loaded, 100 to 200 mg; Dextran blue, 50^ig. 
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Fig. 3-3-7 SDS-PAGE of BGL- I and BGL-II . Lanes: 1, molecular weight 
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Fig.3-3-8 IEF-PAGE (A) and native-PAGE (B) o f BGL-I and BGL-II . (A), 
lanes: 1，BGL-II; 2，BGL-I; 3，pI markers. (B), lanes: 1，2，BGL-I; 3，4，BGL-II. 
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3.4 Immunocytochemical studies on cellulolytic enzymes from V. volvacea 
3.4.1 Cell-associated ^-glucosidase 
1 4 1,1 Production- specificitv and purification of polvclonal antibody 
The specificity of polyclonal antibodies raised in rabbits in response to combined 
BGL-I and BGL-I I was characterized by immunodiffusion (Fig. 3-4-1). Precipitation 
bands were observed with 8-16-fold serum dilutions without the need for protein staining 
(Fig. 3-4-1). The antiserum sample also reacted specifically with P-glucosidase subjected 
to native PAGE. 
Anti-P-glucosidase antibody was purified from rabbit antiserum using a HiTrap 
Protein column. Antibody was eluted as a single protein peak using 100mM sodium 
citrate buffer, pH 3.0 (Fig. 3-4-2). Combined fractions 10-14 revealed a single protein 
band with an apparent molecular weight of 51 kDa (Fig. 3-4-3). The immuno-
precipitation properties of this protein were identical to the anti-p-glucosidase antiserum 
in reacting with purified cell-associated p-glucosidase. The purified antibody also reacted 
with crude mycelial extracts and culture fluids of V. volvacea grown on cellulose and 






Fig. 3-4-1 Double immunodiffusion of antiserum against p-glucosidase 
(BGL). Centre well: BGL (200^ig, 50^1); peripheral wells: anti-serum (50|il). 
Numbers represent dilutions of antiserum. 
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Fig. 3-4-2 Purification ofanti-p-glucosidase antibody by HiTrap Protein 
column ( lcm). Buffer A, 20mM sodium phosphate (pH 7.0); buffer B, 100mM 







Fig. 3-4-3 SDS-PAGE ofpurif ied antibody (arrow head). Numbers on right 
are molecular weights (kilodalton). Lanes: 1, Molecular markers; 2, whole serum; 
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\- Fig. 3-4-4 Double immunodiffusion ofthe purified antibody against p-
glucosidases from several sources. Wells: 1, crude mycelium extract; 2 and 4， 
： crude culture supematants; 3 and 6, purified cell-associated p-glucosidase; 5, 
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3.4.1.2. Localization 
Hyphae grown on agar plates with cellulose produced a yellow colour due to the 
release of p-nitrophenol when incubated with PNPG prior to work-up for confocal laser 
scanning microscopy or TEM, confirming the presence of cell-associated p-glucosidase 
(Fig. 3-4-5). 
1 4 1,^. T.ocalization of cell-associated p-glucosidases hy immuno-labelling 
(i) Confocal laser scanning microscopy 
Fig. 3-4-6d shows the localization of p-glucosidase in young fungal hyphae 
grown on cellulose and treated with anti_P_glucosidase antiserum and fluorescent dye-
labelled secondary antibody combined with confocal laser scanning microscopy. 
Intracellular localization of the enzyme at the hyphal apex and in the apical area 
extending about 50 ^im below the hyphal tip is revealed by intense fluorescence in these 
regions. There is also a large amount of enzyme in the extracellular region extending 
approximately 15 ^im all around the hyphal tip and trailing back along the length ofthe 
hypha. No significant fluorescence was observed when cellulose-grown hypha were 
treated with normal rabbit serum instead of the anti-p-glucosidase antiserum prior to 
exposure to the secondary antibody (Fig. 3-4-6b). Moreover, no significant fluorescence 
was seen associated with hypha grown on glucose and treated either normal (Fig. 2-4-6a) 
or with anti-P-glucosidase antiserum (fig. 3-4-6c). 
In older hyphae, p-glucosidase appears to be located almost exclusively outside 
the hyphal wall. Sectioning by the moving laser beam revealed a relatively intense band 
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of fluorescence approximately 1-2 p,m wide in the region immediately adjacent to the 
hyphal wall, surrounded by a wider and more diffuse, less-intensive fluorescent “sheath” 
(Fig. 3-4-7). 
(i i) TEM 
The substrate was completely colonized by V. volvacea hyphae in rice straw 
cultures incubated at 32。C for 7 days (Fig. 3-4-8). Scanning electron microscopy showed 
that the colonizing hyphae were surrounded by a distinct sheath-like structure (Fig. 3-4-
9). 
Immunogold labelling of hyphal sections combined with TEM was used to 
determine the localization of p-glucosidase in the hypha grown on rice straw, secreted p_ 
glucosidase was seen to associate with straw. Gold labeling of sections shown in Fig.3-4-
10a revealed that p-glucosidase was most dense in a peripheral layer extending 1-2 ^im 
inwards from the cell wall which is also characterized by a large concentration of 
vesicles. Some labelling also occurred in other parts ofhyphae as well as extracellularly. 
No gold labelling was observed in sections of straw-grown hypha treated with pre-
immune serum (Fig. 3-4-lOb). 
Labelling in the internal peripheral layer appears to reside mainly in vesicles (Fig. 
3-4-11) which, in some cases at least, are formed from large vacuoles (3-4-11). The 
vesicles were found in the region adjacent to the plasma membrane. In the areas where an 
intense secretion ofthe enzymes undergoing, well developed and elongated endoplasmic 
reticulum structures were observed (Fig. 3-4-lOa). The vesicles appear to migrate to， 
then fuse with, the plasmalemma thereby discharging the p-glucosidase into periplasmic 
152 
space. A fusing vesicle and a band of gold labelling aligned with the plasmalemma is 
clearly visible in Fig. 3-4-11. The density of the hyphal wall in the region where fusion 
of the vesicle with plasmalemma takes place appears to be relatively low compared to 
adjacent areas. Gold labelling is also evident in cell wall itself (Fig. 3-4-11). 
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Fig. 3-4-5 Production of p-glucosidase by V. volvacea hypha grown on 
cellulose or glucose as substrate for 4 days, p-glucosidases were identified by 
release ofthe chromophoric dye ;7-nitr0phen0l (yellow) after incubation with a 
layer ofagarose containing 20mM PNPG. 
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Fig. 3-4-6 Confocal laser micrographs (800 x) of p-glucosidase secretion by 
V. volvacea hyphae grown on glucose (a and c) or crystalline cellulose (Avicel)-
containing (b and d) media (4 days). Hypha were treated with anti- rabbit 
antibody FITC following exposure to the primary anti-P-glucosidase antibody (c 
and d) or the control treatment with normal serum (a and b). The arrow indicates p 
-glucosidase labelled by FITC. Bars represent 1 O i^m. 
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Fig. 3-4-7 Confocal micrographs (800 x) of p-glucosidase localization in old 
hyphae (hyp) of V. volvacea hyphae grown on crystalline cellulose (4 days). 
Hyphae were treated with goat anti-rabbit antibody FITC following the treatment 
with the primary anti-P-glucosidase antibody. The arrow indicates p-glucosidase 
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Fig. 3-4-8 Colonization ofrice straw by V.volvacea hyphae (7 days old). 
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Fig. 3-4-9 Scanning electron micrograph showing the colonization ofrice 




Fig.3-4-10 Transmission electron micrographs (6000 x) of P-glucosidase localization in transverse sectioned hyphae o f V. 
volvacea grown on rice straw ( 4 days). Hyphae was treated wi th goat anti-rabbit antibody gold conjugate (particle size 5nm) 
following the treatment with the primary anti-P-glucosidase antibody (a) or the control treatment wi th normal serum (b). The 
thin arrow (centre-right) indicates the P-glucosidase; the bold arrow (top-centre) indicate the vacuole CV>derived vesicles 
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Fig 3-4-11 Transmission electron micrographs (80,000 x) of p_glucosidase 
localization in transverse sectioned hyphae of V. volvacea grown on rice straw (4 
days) Hyphae was treated with the goat anti-rabbit antibody gold conjugate 
(particle size 5nm) following the treatment with the primary anti_P_gJucosidase 
antibody. The bold arrows indicate vesicles undergoing fiision with theptema 
membrane. The thin arrow indicates the position of plasma membrane. CW，cell 
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3,4,2 Endoglucanase-III 
The specific polyclonal antibodies raised in mice in response to purified EH-II I 
were characterized by Ouchterlony immunodiffusion using 8-fold dilution of the serum 
precipitating antigen (EG-III). 
Anti-EG-III antiserum was used to determine the localization of endoglucanase-III 
in hyphae grown on cellulose. Fig. 3-4-12 shows the localization of endoglucanase-III in 
young fungal hyphae grown on cellulose and treated with anti-endoglucanase antiserum 
and TRITC-labelled secondary antibody combined with confocal laser scanning 
microscopy. Sectioning by the moving laser beam revealed an intense band of 
fluorencence in the region immediately adjacent to the hyphal wall，surrounded by a wide 
and more diffuse, less-intensely fluorescent sheath. No significant fluorescence was 

















[ Fig. 3-4-14 Confocal laser micrographs (800 x) of endoglucanase-III from 
j K volvacea hyphae grown on crystalline cellulose (4 days). Number represent the 
f sequence of optical sectioning with an interval of 1 ^ im from one side to another 
[ side on the hyphae along the longitudinal direction. Hyphae were treated with 
I rabbit anti-mouse antibody TRITC following the treatment with the primary 
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Cellulases from various sources have been studied extensively because of their 
widely recognized role in cellulolysis, and for their potential importance in the enzymic 
conversion of cellulose to glucose on an industrial scale. Cellulases have been studied 
here for their important role in substrate utilization by the edible mushroom Volvariella 
volvacea, and thus for their influence on mushroom growth. Despite its commercial 
value, little is known about the production, properties, and localization of the cellulases 
produced by this edible ftmgus. This study concerning the production, isolation, 
characterization and localization of different cellulolytic enzymes is, to my knowledge, 
； the first detailed study of the individual cellulase components which constitute the 
i 
I! cellulolytic system of a cultivated edible mushroom species. 
4.1 Production 
I Volvariella volvacea grew well and produced significant levels of cellulases 
I digesting both amorphous and microcrystalline cellulose (CMC and Avicel). In cultures 
I 
H' 
I containing various carbon sources including cellulose, dimeric sugars, and saponins 、 
I (triterpenoidal compound), highest levels of endoglucanase, cellobiohydrolase and P_ 
I • 推 
I glucosidase were recorded when highly crystalline cellulose such as microcrystalline 
I cellulose or filter paper served as carbon source. In cultures containing sugars such as 
I glucose, galactose, mannose, maltose, and sucrose, formation of cellulases was virtually 
zero irrespective of good fungal growth. This indicated that cellulase synthesis in V. 
volvacea is inducible and repressible. Induction of cellulases by cellulose, and repression 
of cellulase biosynthesis by sugars has been observed in many other fungi including 
Aspergillus niger, Trichoderma reesei, Agaricus bisporus, Macrophomina phaseolina 
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and Trichoderma harzianum (Enache et al. 1985; Sestak and Farkas 1993; Raguz et al. 
1992; Wang and Jones 1995; Lora et al. 1995). Although the precise mechanism involved 
in cellulase induction by cellulose has not yet been fully explained, regulation of cellulase 
production by sugars is thought to be related to levels of cAMP and glucose-6-phosphate. 
In T. reesei, cAMP was found to stimulate the production of endoglucanase, while 
glucose-6-phosphate (G6P) exhibited a repressive effect. Sugars such as glucose, which 
竭 undergo phosphorylation, increased G6P levels, while sugars such as 6-deoxyglucose, 
xylose and L-sorbose did not influence G6P levels and stimulated endoglucanase 
production (Sestak and Farkas, 1993). However, in cultures containing sorbose or xylose 
as carbon source, V. volvacea produce neither endoglucanase nor cellobiohydrolase. It is 
J not yet clear i f sorbose or xylose have any effect on intracellular levels of G6P in K 
volvacea. In several fungi, including A. bisporus, M. phaseolina and T. harzianum, no 
hybridization was observed between cDNA fragments cloned for endoglucanase and 
, mRNA from mycelia grown on glucose and fructose indicating that the inhibition of 
glucose and fructose on cellulase synthesis occurs at the level o f transcription (Raquz et 
%, • 
1 al. 1992; Wang and Jones 1995; Lora et al. 1995). Further study is required to determine 
！ • 
i f more readily-utilizable sugars exhibit a true repressive effect on the gene expression of 
cellulase genes in V. volvacea and, i f so, the nature of that effect. 
The relatively high levels of extracellular p-glucosidase in sorbose-grown 
cultures of V. volvacea is interesting and may be of commercial significance. Enhanced 
levels of P-glucosidase in the culture medium during growth on sorbose has also been 
observed with the filamentous fungus, T. reseei. P-Glucosidase in this fungus is also 
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bound mainly to the cell wall and only partially released into the medium (Messner et al. 
1990). The enzyme is reported to be tightly bound to a cell wall polysaccharide which has 
been isolated from the fungus and which may function as an "anchor" glycan. The 
presence of sorbose results in decreased cell wall P-l,3-glucan production and the effect 
of the sugar in enhancing the release of p-glucosidase is thought to be correlated to a 
reduction in anchor glycan synthesis (Kawamori et al. 1985; Kubicek 1982 ,1983; 
Bisaria et al. 1986). 
V. volvacea produced significant levels of p-glucosidase on a wide range of 
carbon sources although the highest levels of cell-associated P-glucosidase were 
recorded on salicin which was one of the poorest growth substrates examined. Sorbose 
考 was also a poor growth substrate but a good carbon source for the production of both 
cell-associated and extracellular P-glucosidase. Cell-associated p-glucosidases produced 
on different substrates appeared to be same protein species as revealed by identical 
migration on native PAGE in combination with both activity and protein staining. 
Protein bands with p-glucosidase activity were not detected in extracts of mycelium 
未 • i 
！ grown on glucose confirming the individual nature of the enzyme. When V. volvacea was 
i 
I grown on the a-linked polysaccharide, starch, no detectable p-glucosidase was found in 
I 
I either mycelial extracts or culture fluids. Thus, the results obtained in this study dispute 
|
with those reported for T. reesei claiming that the production of P-glucosidase is induced 
by starch (Saad 1993). However, in the earlier study, T. reesei has been grown on 
I 
I cellulose, or on filter paper supplemented with starch but not with starch as the sole 
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carbon source. Therefore, it seems more likely the detected P-glucosidase activity was 
induced by cellulose or some breakdown product. 
Although it was reported earlier that P-glucosidase activity in V. volvacea was 
exclusively extracellular (Chang and Steinkraus 1982), under the conditions used in this 
study the bulk of enzyme activity was cell-associated. Confocal laser scanning and 
electron microscopy combined with fluorescent antibody labelling have also revealed 
that cell-associated enzyme is located both intracellularly and extracellularly. 
Except for some low levels of cellobiohydrolase (CBH) activity detected in 
mycelial extracts from the cultures grown on cotton wool or salicin, no intracellular 
endoglucanase (EG) nor CBH activity was detected in V. volvacea mycelia grown on a 
variety of substrates including sugars and cellulosic materials. EG and CBH produced 
by V, volvacea appear to be extracellular enzymes. This is supported by confocal laser 
microscopy studies combined with fluorescent antibody labelling which showed that EG-
I I I was located exclusively in the hyphal exterior. The excretion of endoglucanase into 
culture fluids has also been reported in other fungi including Sporotrichum \ ‘ 
(Chrysosporium) pulverulentum where induced CMCase was actively excreted into 
� 
culture fluids (Eriksson and Hamp 1978). Since secreted proteins have to be synthesized 
within the cells, the results obtained in this investigation suggest that the precursors of 
; EG and/or CBH proteins might be inactive within the hyphal cells and are subsequently 
H. 
'^  assembled and activated at the plasma membrane-cell wall interface. Modification of 
i extracellular enzymes after their secretion from the host cells is widely reported with one 
f 
of the most frequent forms of modification involving proteases. Eriksson and Petersson 
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(1982) have demonstrated that both the purified proteases and crude proteolytic enzymes 
from culture fluids of S. pulverulentum have an activating effect on endoglucanase in 
cell-free culture supematants of this fungus. Endoglucanases treated with proteases 
exhibited 2.9- to 10-fold increases in activity compared to untreated enzymes. Storage of 
the crude extracellular endoglucanases in the presence of proteases at 30。C for 18 hours 
also resulted in an fourfold increase in endoglucanase activity. Based on these data, the 
authors suggested that endoglucanases were first produced in a zymogenic form and then 
activated by proteases. Although the purified proteases were shown to cleave the peptide 
chain of a human fibrinopeptide at the positions of Leu-Ala, Phe-Leu and Val-Arg, the 
site of protease action on endoglucanase proteins is still unknown. Proteases are also 
i thought to contribute to the heterogeneity of endoglucanases, and to the multiple isoforms 
that are often detected in culture fluids of cellulolytic fungi. The action of proteases on 
secreted proteins and their contribution to the multiplicity of cellulases present in fungal 
； culture fluids has been confirmed in other cellulolytic fungi. Evidence obtained from 
iTS. S 
I Studies involving T. reesei cellobiohydrolases and their degraded products showed that 
I • 
I proteolytic attack on secreted enzymes in culture fluids by concomitantly synthesized 
1 
I proteases was responsible for the multiple enzyme forms. Modification of the secreted 
cellobiohydrolases by proteases is thus" referred to as a post-secretion modification 
(Haspiel et al； 1989; Haab et aL,l990). Modification of CBH by proteases were shown to 
t 
commence from the C-terminal for CBH-I and from both the C- and N - termini of the 
cellulose binding domains for CBH-II. Whether or not the proteases had an activating 
effect on the enzyme was not reported. However, following hydrolysis of CBH from 
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Phanerochaete chrysosporium with papain or trypsin, the core protein (catalytic domain) 
of CBH lacking the cellulose-binding domain exhibited a much reduced activity towards 
crystalline cellulose (Uzcategui et al. 1991a, 1991b). Thus, it is clear that not all proteases 
acting on cellulases have an activating effect. V. volvacea produces a variety of 
cellulolytic enzymes into the culture fluid and multiple forms o fEG, CBH and BGL have 
been detected. Most cellulases reported so far are glycoproteins and, various in 
carbohydrate content ofcellulases wi l l also affect some of the physicochemical properties 
of cellulases and give rise to multiple enzyme forms. Following the treatment with a-
amyIase and P-laminarinase, the extracellular cellulolytic enzymes produced by V. 
volvacea displayed different patterns on SDS-PAGE compared to untreated samples. At 
t present, it is unclear i f the multiple forms of endoglucanases, cellobiohydrolases and P_ 
glucosidases recorded in cultures of K volvacea are the products of different genes or the 
results of post-translational modifications. 
4.2 Composition of cellulolytic enzyme system of V. volvacea 
In cultures containing microcrystalline cellulose as growth substrate, Volvariella 
H. ‘ 
¢-
I volvacea produced a cellulolytic enzyme system consisting of multiple endoglucanases 
C 
I (EG), cellobiohydrolases (CBH) and P-glucosidases (BGL). Analysis of native 
I polyacrylamide gel electrophoresis showed that the cellulase enzyme system produced by 
V. volvacea includes at least five protein species exhibiting EG, five proteins with CBH 
activity, and two protein species with BGL activity. Isoelectric focusing gel 
electrophoresis in combination with activity staining confirmed that the multicomponents 
of cellulolytic enzyme system is composed of CBH, EG-I, EG-III and p-glucosidase, 
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and each enzyme activity was shown to consist of several isoforms. V. volvacea cellulase 
proteins and their isoforms exhibited different specificities with respect to the hydrolysis 
of various oligo-cellosaccharide derivatives [MeUm(Glc)J. However, most of the 
extracellular cellulase components produced by V. volvacea were quite similar in terms 
ofphysical properties which made purification difficult. 
Periodic acid-Schiffs reagent staining indicated that the cellulolytic enzymes 
produced by K volvacea and examined in this study are all glycoproteins (data not 
shown). Glycosylation may explain the ineffectiveness of anion exchange 
chromatography and other protein purification techniques which rely on electrical charge 
(e.g. Precell491 preparative native gel) to separate the individual components of the 
I cellulolytic system. Partial deglycosylation of several cellulases resulted in better 
0-: 
i separation by IEF and improved anion binding properties. Most CBH isoforms of V. 
volvacea have relatively high isoelectric points (7.4-8.6), while the endoglucanases have 
^. 
\ relatively low pI values (4.9-7.4). As shown in Tables 1-1 and 1-2, reported pI values 
I 
ifor CBH from many fungi range from 3.5 to 6.3 except for a CBH from Neurospora crassa with a pI of 8.5. Reported pI values of fungal endoglucanases are more diverse 
^ 
and range from 3.5 to 9.3. 
Most cellulases of fungal origin are glycoprotein (Kubicek et al. 1987; Yazdi et 
al. 1990; Lo et al. 1990; Messner et al. 1990). Glycosylation is normally believed to 
increase the thermostability and solubility of secreted proteins. The carbohydrate portion 
of the highly purified P-glucosidases containing both BGL-I and BGL-I I from V. 
volvacea was estimated at 57.6% and is dominated by mannose followed by galactose, 
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glucose and glucosamine (results unshown). The relatively high ratio (36:1) of 
mannose:glucosamine might indicate that the glycosylation of the V. volvacea p_ 
glucosidases are not exclusively N-linked. Higher mannose:N-acetylglucosamine ratios 
of 18 and 14.2，respectively were also reported for P-glucosidase-I and P-glucosidase-II 
from Schizophyllum commune, while the N-aceteylglucosamine content was 1.2-2 moles 
per mole enzyme ( Lo et al. 1990). The high ratio of mannose:glucosamine found in 
BGL- I and BGL- I I from V. volvacea suggests that either hypermannosylated N-linked 
glycans (as in yeast) are present, or that much of the mannose is 0- l inked to 
serine/threonine. In Trichoderma reesei, the glycosylation of endoglucanase during 
secretion was characterized as 0-l inked rather than N-l inked (Kubicek et al. 1987). The 
carbohydrate components in V. volvacea P-glucosidases is similar to that of 
Trichoderma reesei P-glucosidase which was shown to consist mainly of mannose (45%)， 
galactose (30%), glucose (11%), galacturonic acid and 5% glucuronic acid (Messner et al. 
1990). In T. reesei, a reciprocal relationship existed between the glycan content and 
enzyme activity. In the white-rot fungus Coriolus versicolor, the carbohydrate portion of 
.、. • 
P-glucosidase was estimated to be over 80% and enzyme activity increased almost 2-fold 
V 
- following reduction ofthe carbohydrate content to 17% (Gallagher and Evans, 1990). The 
relationship between carbohydrate and p-glucosidase activity in V. volvacea remains to V > 
f be characterized. 
^ 
？' 
Cell-associated P-glucosidase activity in V. volvacea is separable into two 
isozymic forms with molecular weights of 158,000 and 256,000. Both isozymes appear to 
be trimeric，one composed of two smaller and one larger subunit, and the other of three 
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equal sized subunits. The molecular weight of a P-glucosidase preparation obtained by 
fractionation of V. volvacea culture fluids on Sephadex G-lOO has been estimated 
previously to be 58,000 士 2,000 by gel filtration and 59,000 士 2,000 by SDS-PAGE 
(Wang, 1985). Desrochers et al. (1981) purified a p-glucosidase of 97,000 molecular 
weight from the mushroom Schizophyllum commune, whereas Lo and coworkers (Lo et 
al. 1990) described two P-glucosidases from the same fungus with molecular weights of 
96,000 and 102,000. A P-glucosidase was reported from another mushroom fungus, 
Termitomyces clypeatus, with a molecular weight of 110,000 (Sengupta et al. 1991). 
However, as can be seen from Table 1-3, P-glucosidases from filamentous fungi in 
•6 
: general exhibit considerable diversity with respect to molecular size and subunit 
\ 
I composition, isoelectric point and K ^ for PNPG. It is not clear yet i f the two isozymic 
^ 
% 
f forms of P-glucosidase are the products of different genes or arise from post-translational 
； modification of a single gene product. Two closely related forms of P-glucosidase 
：；' ^ 
• secreted by Schizophyllum commune are postulated to arise from the same gene (Will ick 
‘ 
and Seligy 1985). 
The ratio of p-glucosidase to cellulose is considered to be a critical factor in the 
E^  
conversion of cellulose to sugars by celluloytic ftingi, and an increase in the amounts of 
P-glucosidase often leads to a significant increase in the formation of sugars from 
cellulose (Sterberg et al. 1977). However, many cellulolytic fungi synthesize only low 
levels of p-glucosidase and, to improve the efficiency of fungal cellulases in cellulose 
conversion, much effort has been made in order to increase the level of p-glucosidase 
production in fungal systems. One of the most effective ways of achieving this goal is 
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through molecular engineering, for example, by increasing the number of P-glucosidase-
encoding gene(s). This approach has proved feasible in T. reesei. A transformant with 5-
10 extra-copies o f t he p-glucosidase-encoding gene bgll showed a 4.2-fold increase in 
mRNA levels and resulted in a significant increase in glucose production from 
microcrystalline cellulose. However, no precise correlation was established between the 
number of gene copies and the ability of the organism to saccharify cellulose (Bamett et 
aL 1991 ； Fowler and Brown Jr. 1992). 
4.3 Properties 
A number of individual components of the Volvariella volvacea cellulolytic 
system have been purified to homogeneity and partial characterized. Purified CBH and 
_ EG-II I exhibited no activity toward microcrystalline and amorphous cellulose, but 
. hydrolyzed MeUm(G lc)2 and MeUm(Glc)3, respectively. The mode of action of the 
isolated CBH and EG-II I from V. volvacea is similar in this respect to the same ftmctional 
: enzymes obtained from other fungi. For example，purified CBH from Penicillium 
？ pinophilum and Trichoderma reesei was unable to saccharify cellulose to sugars (Wood 
I • 
1 et al. 1989; Woodwars et al. 1994; Bailey et al. 1993). Several endoglucanase isoforms 
f' 
1 
] isolated from Fusarium lini were all unable to hydrolyse native cellulose to sugars (Rao 
et al. 1986). Results obtained with purified isolated CBH and EG-I I I from V. volvacea in 
this study showed that neither enzyme alone could extensively saccharify cellulose to 
glucose. Thus, CMC and Avicel do not appear to be suitable substrates for determining 
the activity of purified endoglucanase or CBH i f the assay is based on the production of 
reducing sugars. However, this conclusion needs to be qualified since some exceptions 
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have been observed in other fungi. Each of the six endoglucanase fractions purified to 
homogeneity of SDS-PAGE from a commercial cellulase preparation from Trichoderma 
yiride, were shown to hydrolyse CMC, Avicel, or acid swollen cellulose to sugars 
(Beldmanetal. 1985). 
Under the standard conditions of assay, both BGL-I and BGL-I I exhibited a 
temperature optimum of between 55-60。C although the optimum growth temperature for 
K volvacea growth is around 35°C. The optimum temperatures for most fungal p_ 
glucosidases fall within a range from 40 to 60。C (Cao and Crawford 1992; L i and Calza 
1991; Teunissen et al. 1992; Sengupta et al. 1991; Bhattachajee et al. 1992). In 
o 
thermostability experiments, both isozymes are rapidly denatured at temperatures of 60 C 
and above. Higher levels of activity detected at 60°C when each isozyme was incubated 
with PNPG indicated that this substrate had a stabilizing effect on the catalytic activity of 
the enzymes when exposed to high temperatures. 
Both the purified p-glucosidases (BGL-I and BGL-II) exhibited optimum 
activities within a pH range from pH 6.2-7.0. These optimum pH values are a little higher 
compared with p-glucosidases produced by other fungi, including several wood-rotting 
basidiomycetes, which generally require a pH for optimum activity of below 6.0 (Lo et 
al. 1990; Sengupta et al. 1991; Bhat et al. 1993; Enokibara et al. 1993). The requirement 
for a relative higher pH for p-glucosidase activity may be related to the preference of V. 
volvacea for growth in slightly acidic or alkaline environment. The mushroom grows well 
over the pH range from 6.0 to 8.0 (Cai 1993). 
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Both BGL-I and BGL-I I were unable to hydrolyse dimeric sugars including 
sucrose, maltose, and lactose although the isoforms were readily detectable in fungal 
cultures containing lactose as carbon source. The precise mechanism undergoing the 
induction of p-glucosidases by lactose is not yet clear although this phenomenon has 
been observed in many fungal cellulase enzyme systems (Kantham And Jaganna 1985; 
Sadhu and Kalra 1985; Mishra et aL 1989; Messner et al. 1988; Cotoras and Agosin 
1992). Lactose incorporated in the culture medium plays a role in carbon catabolite 
derepression of T. reesei endoglucanase-I (Messner et al. 1988). 
Both BGL-I and BGL-I I lacked activity towards both amorphous cellulose (CMC) 
and Avicel in terms ofglucose formation. The purified p-glucosidases from K volvacea 
resemble most fungal p-glucosidases in their inability to directly attack cellulose, 
although purified P-glucosidase from T. viride is reported to hydrolyze CMC to glucose 
(Beldman et al. 1985). 
Although a few p-glucosidases from other fungi are reported to have cellulose-
binding activity, BGL-I I exhibited poor binding property to either amorphous or 
microcrystalline cellulose. A monomeric p-glucosidase of 114 kDa molecular weight 
from Phanerochaete chrysosporium exhibited cellulose-binding activity and was 
reported to possess a cellulose-binding domain and a catalytic domain. Two other 
cellulose non-binding monomeric p-glucosidases (95,000 and 97,000 daltons), thought to 
be derived from the 114 kDa protein, were also described (Lymar et al. 1995). As the 
substrates for p-glucosidases are relatively soluble compared to insoluble native 
cellulose, it is unclear i f P-glucosidases bind to cellulose during hydrolysis in the same 
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way as cellobiohydrolases and endoglucanases (Tomme et al. 1988; Uzcategui et al. 
1991a, 1991b; Medve et al. 1994; Woodwars et al. 1994; Reinikainen et aL 1992; Teeri 
1987; Stahlberg et al. 1988; Ahos et al. 1991;Nidetzky et al. 1994a). 
Although no binding activity between BGL-I I and cellulose was detected, the 
isoform enhanced the production of glucose from cellulose in combination with a 
commercial cellulase preparation of Aspergillus niger. A significant increase (9.7%) in 
the amount of glucose produced from microcrystalline cellulose was observed 
confirming previous reports involving p-glucosidases from other fungi (Breuil et al. 
1990). Bhat et al. (1993) reported enhanced cellulose hydrolysis to sugars when P_ 
glucosidase from the thermophilic fungus Sporotrichum thermophile was used in 
combination with a cellulase preparation. Irwin et al. (1993) also detected a one- fold 
increase in the amount of sugars produced from filter paper when P-glucosidase was 
added to a mixture containing Thermomonospora fusca endoglucanase and T. reesei 
CBH. Although a physiological role for P-glucosidase in cellulose hydrolysis is 
indicated by the synergistic interaction between p-glucosidase and other cellulases 
resulting in enhanced production of glucose from cellulose, the precise function(s) of p-
glucosidase in the normal growth and development of a cellulolytic organism is (are) still 
unclear. Mutants of T. reseei, lacking the bgll gene encoding for an extracellular P-
glucosidase retain the ability to grow on cellobiose and cellulose (Avicel) as their sole 
carbon source indicating that P-glucosidase is not essential for normal growth and 
development (Fowler 1993a, 1993b). However, the enzyme may be involved in the co-
ordinate regulation of other cellulase genes since the absence of extracellular P_ 
r 
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glucosidase delayed the induction of other cellulase genes at the level o f transcription 
(Fowler 1993a,1993b). Moreover, re-introduction of extra copies of the bgll gene back 
into the host resulted in increased expression of the p-glucosidase and an increased 
overall rate of glucose production from cellulosic substrates (Fowler 1993a，1993b). 
Abi l i ty to grow on cellobiose in the absence of P-glucosidase could occur in cases where 
other routes exist for cellobiose utilization such as cellobiose oxidase (Ayers et al. 1978; 
Ander 1994; Canavascini et al. 1991; Morpeth 1985) and cellobiose:quinone 
oxidoreductase (Westermark and Eriksson 1974). Bao et al. (1994) examined the 
production of P-glucosidase, and the concomitant cellobiose dehydrogenase (CDH) and 
cellobiose:quinone oxidoreductase (CBQase) in P. chrysosporium grown on cellulose, the 
ratio of P-glucosidase over CBQase was regulated by pH and buffering nature of the 
growth media. The production of p-glucosidase is reversibly correlated with the 
production of CBQase. Further study is required to determine the presence of these 
oxidative enzymes in V. volvacea, and the possible involvement of P-glucosidase in the 
regulation of endoglucanase and cellobiohydrolase activities. 
Both BGL-I and BGL-I I hydrolyzed cellobiose and PNPG at high rates although 、 
BGL-I exhibited a preference for cellobiose and BGL- I I for PNPG. In this respect, the 
isozymes resemble many P-glucosidases of microbial origin (Woodward and Wiseman 
1982; Coughlan 1985). However, both cell-associated forms of p-glucosidase from V. 
volvacea hydrolyzed esculin and salicin even more effectively. Compared to cellobiose, 
the rates for esculin and salicin by BGL- I were 3-fold and 4-fold higher, respectively, and 
3.8 and 5.1-fold higher, respectively compared to PNPG. For BGL-I I , the rates for esculin 
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and salicin hydrolysis were 9.7 and 6.4-fold higher, respectively compared to cellobiose, 
and 6.3 and 4.1-fold higher, respectively compared to PNPG. Both esculin and salicin 
beldng to a class of compounds called saponins which are reported to serve as a plant 
defense mechanism against fungal pathogens. Some pathogens overcome the toxicity of 
the saponins by producing enzymes which hydrolyze the saponin to less toxic products, 
and many of these saponinases can be classified as P-glucosidases. Although V. volvacea 
is not a recognized plant pathogen, the high rates of BGL-I- and BGL-II-mediated 
hydrolysis of esculin and salicin may have evolved in response to the presence of these 
and other aryl-glucoside residues in rice straw which serves as the natural growth 
substrate for the mushroom. Both compounds are poor growth substrates for V. volvacea 
indicating possible toxicity. The relative activities of both BGL-I and BGL-I I toward 
esculin may be of commercial importance since esculetin, the assumed product from 
esculin hydrolysis, is ten times more expensive and is reported to have a therapeutic 
effect on breast cancers. Esculetin was found to inhibit on cyclooxygenase and 
lipoxygenase activities in tumour cells, and thus significantly suppressed the 
proliferation and growth of a human breast cancer cell line (MDA-MB-231) in culture 
H 
\ (Enarshi et al. 1995; Noguchi et al. 1995). Further study is required to determine i f 
esculetin is produced in the culture broth when V. volvacea is grown on esculin under 
conditions which induce the synthesis of P-glucosidases. Accordingly, as this fungus 
k 
F 
[ apparently does not produce any phenol oxidase (laccase) or lignin-degrading enzymes 
f 、 i. 
I； 
j (lignin peroxidase and Mn-dependent peroxidase), it may be of value to investigate i f th is 
fungus could be used to convert aryl-glucosides into value-added products. 
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Mercury and, to a lesser extent, copper salts inhibited both BGL- I and BGL-I I . 
Inactivation by heavy metals is common among fungal P-glucosidases (Clarke 1990; L i 
and Calza 1991). P-Glucosidase from Schizophyllum commune was inhibited by two 
50^M Cu2+ and Hg2+ which were found to bind irreversibly to the enzyme. The 
mechanism of inactivation was reported to involve chelation by carboxyl groups at active 
center of the enzyme (Clark 1990). 
BGL- I and, to a lesser extent BGL-I I , were also affected by p-
chloromercuribenzoate and N-ethylmaleimide, indicating possible involvement o f th io l or 
disulfide groups in enzymic activity. BGL-I was also more sensitive to imidazole 
compounds (L i and Byers 1989) and aminopyridine. Only BGL- I I was affected by the 
aryl-glucoside analogue, isopropyl-P-D-thioglucopyranoside. However, both isozymes 
were strongly inhibited by the indolizine alkaloid, castanospermine, a potent naturally 
occurring inhibitor of P-glucosidase. Glucono-6-lactone, which is a specific inhibitor of 
many glucosidases, was also inhibitory. Guanidine hydrochloride, which was known to 
inhibit various hydrolases including p-glucosidase and cellobiohydrolase probably by 
interacting catalytic center of enzyme through the binding of positive charge of guanidine 
group to the negative charge carboxylate group of glutamic acid, did not inhibit BGL- I I 
and inhibited BGL-I only slightly at a concentration 5mM. However, guanindine.HCl at 
a concentration of 140mM inhibited P-glucosidase from Aspergillus niger by 52% and 
CBH from Trichoderma reesei by 50% (Woodward et al. 1990). The inhibitory effect o f 
aromatic acids and aldehydes on P-glucosidase activity is interesting since 
!. 
lignocellulosic wastes of the type used for cultivation often contain low-molecular weight 
f' 
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phenolic monomers (Chemey et al. 1989)，some of which are released during biological 
attack on the lignin component (Chen and Chang 1985). V. volvacea is unable to grow on 
lignocellulosic substrates with a high lignin content and fruit body yields are low even 
when the mushroom is grown on the natural substrate, rice straw. Improved yields have 
been obtained when rice straw is replaced by cotton wastes which contain little or no 
lignin. Several monomeric phenols are reported to inhibit the growth of mushrooms (Cai 
et al. 1993) and other fungi (Akin and Rigsby 1985; Buswell and Eriksson 1994; Shea 
and Buswell 1992), as well as the hydrolytic enzymes which catalyze the breakdown of 
the cellulolytic and hemicellulolytic constituents of plant cell walls (Bomeman et al. 
1986; Chesson et al. 1982). Vanil l in and 4-hydroxybenzaldehyde and were found to be 
I 
particularly toxic to V. volvacea compared to two other mushroom species, Lentinula 
edodes and Pleurotus sajor-caju. This may be linked to the apparent lack of ability by V. 
volvacea to produce the phenoloxidase, laccase, which has been associated with the 
polymerization and detoxification of phenols (Bollag et al. 1988). 
4.4 Localization 
’ 
Most secreted enzymes by fungi, particularly those involved in heterotrophic 
}-
k 
f nutrition, were clearly demonstrated to be cell wall-associated or, plasma membrane-
I r 
bound where a cell wall was lacking (Frischer et al. 1990). In the slide mold Physarum 
polycephalum, the secreted P-glucosidases were determined to be plasmodium-associated 
(Morita and Nishi 1993). Using disrupted mycelia and mycelial protoplast preparations, 
approximately 86% of the P-glucosidase activity in Trichoderma viride was detected in 
the fraction containing cytosol, plasma membrane, and periplasm, and only 14% in the 
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cell wall fraction. Most of the p-glucosidase was on or near the cell surface, especially in 
the cell wall and periplasm (Usami et al. 1990). Biochemical and cytological studies 
using immunofluorescence or electron microscopy conducted with Trichoderma reesei 
showed that P-glucosidase was associated only with the cell wall surface (Jackson and 
Talburt 1988; Messner and Kubicek 1990; Messner et al. 1990). P-Glucosidase activity in 
culture broths was thought to be derived from lysis of the fungal hyphae (Acebal et al. 
1988). In most cases, the distribution of secreted enzymes is depended upon the 
physiological state of the fungus. Association of secreted enzymes with cell walls does 
not necessarily indicate that the enzymes are secreted at that particular region of the cell 
wall. In Kluyveromyces marxianas grown in cellobiose-rich culture, a significant amount 
of the total P-glucosidase activity was found in cell lysates and only small amounts of 
enzyme were detected in culture filtrates. Since a considerable amount of the total 
enzyme was shown to be cell wall-associated, active secretion was believed to occur 
throughout the mycelium (Barron et al. 1994). In Coriolus versicolor, P-glucosidase was 
located in the extracellular mucilage, cell wall layers and the interior of the hyphae 
(Gallagher and Evans 1990). However, numerous cytological studies have provided 
evidence supporting suggestions that the secretion of protein by filamentous fimgi is 
restricted to the hyphal tip area. In Aspergillus niger, the secretion of glucoamylase 
occurred predominantly at the growing hyphae tips (Wosten et al. 1991). In 
Phanerochaete chrysosporium, lignin-degrading enzymes were also shown to be 
associated with the hyphae tip (Wessels 1993). 
i [ 
[• [ � 
180 
In this study, P-glucosidases produced in Volvariella volvacea were shown to be 
located in culture fluids, the interior of the hyphal cell, bound to the cell wall and within 
the plasma membrane. Confocal microscopy indicated that secretion of P-glucosidase 
occurred predominantly around the hyphae tips. Optical sections through growing hyphae 
revealed much more P-glucosidase in the cytoplasm near the hyphal apex while virtually 
no enzyme was evident within non-growing hyphae. In the case of non-growing hyphae, 
P-glucosidase was localized within a thick capsular structure associated with the cell 
wall. Mucilaginous capsular structures have been reported in many fungi and are 
polysaccharide in nature. As can be seen in Figs. 3-4-6d and 3-4-7，P-glucosidases 
secreted at the hyphae tip trail behind as the tips progress and bind to the mucilaginous 
sheath. In this way, the sheath of non-growing hyphae retains the secreted enzymes. 
Transverse sections of hypha grown on the mushroom's natural substrate, paddy straw, 
confirmed that P-glucosidase was located in the subapical area. P-Glucosidase was also 
located in vesicles which appear to be involved in transport of the enzyme. Some vesicles 
containing p-glucosidase were observed to derive from vacuoles and to fuse finally with 
the plasma membrane releasing p-glucosidase into the periplasmic space. Data obtained 
in the present study support the hypothesis that the secretory vesicles might from 
vacuoles and the endoplasmic reticulum ( Peberdy 1994). Involvement o f vacuoles in 
enzyme secretion is not a feature specific to V. volvacea. Enzyme secretion involving 
vacuoles has also been proposed for lignin peroxidase transport in P. chrysosporium 
(Kuan and Tien 1989) and, more recently, for xylanase transport in T. reesei 







secretion are thought to relate to glycosylation and folding of the newly synthesized 
protein, cytological evidence presented in previous publications show that a well 
developed ER structure was observed only in hyphae of the cellulase hypersecretion 
mutant of T. reesei RUT C-30 (Glenn et al. 1985). Since this mutant is already considered 
to exhibit increased production of endoplasmic reticulum (Kubicek et al. 1993), 
correlation between increased ER development and the secretion of cellulase has yet to be 
confirmed. As can be seen in Fig. 3-4-10，an elongated endoplasmic reticulum (ER) was 
located within the cytoplasm where the bulk of the P-glucosidase-containing vesicles 
reside. Data obtained in this study suggested that the secretion of p-glucosidase is 
accompanied by extensive proliferation of the endoplasmic reticulum. 
No Golgi structure was observed in the region of active secretion and the 
hypothesis that vesicles carrying secreted proteins are derived from the Golgi apparatus is 
therefore not supported by data obtained in this study. After the vesicles fuse wi th the 
plasma membrane, P-glucosidase protein is clearly evident lined up along the plasma 
membrane. Fusion of the vesicles with the plasma membrane appears to correlate wi th a 
decrease in the density of cell wall as reflected by increased electron transmission. Such a 
decrease in cell wall density might loosen the cell wall structure, increase porosity and 
enhance the release of protein to the cell exterior (Peberdy 1994). It is also important to 
confirm i f the vesicles involved in the transport of P-glucosidases are lysosomes. 
Evidence obtained with Dictyostelium discoideum suggest that P-glucosidase was a 
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polypeptide which undergoes at least two proteolytic cleavage events to generate a 
soluble mature form ofthe enzyme ( Cardelli et al. 1986; Bush et al. 1994). 
A physiological significance for the "sheath"-like structure of non-growing 
hyphae was indicated by the retention of the P-glucosidase enzyme. In T. reesei, 50-
100% of the excreted p-glucosidases was detected as cell wall bound and very little 
enzyme was released into the growth medium (Kubicek 1981). The retention o f t he P-
glucosidases is apparently linked to cell wall polysaccharide material since enzymic 
digestion of the polysaccharide resulted in the release of P-glucosidase activity (Messner 
et al. 1990). It has been suggested that, in Coriolus versicolor, mucilage associated wi th 
fungal hyphae serves as a matrix for the immobilization of p-glucosidases (Gallagher and 
Evans 1990). A polysaccharide sheath-like structure composed of P-l,3-l,6-D-glucan 
was also reported in the wood-decaying fungus P. chrysosporium and is thought to play 
role in retaining lignin-degrading enzymes and in establishing a material junction 
between the fungus and the wood cell wall, thus acting as an adhesive agent between the 
fungus and the substrate (Ruel and Joseleau 1991). The formation and role of 
extracellular polysaccharide in the retention and activity of enzymes including cellulases 
and lignin-degrading enzymes (lignin peroxidase, laccase) have been reviewed in detail 
by Evans et al. (1994). Since the enzymes are normally too large to penetrate into the 
lignocellulose matrix, these authors have suggested that the extracellular mucilage 
provides an environment where the lignin-degrading enzymes react with diffusible low-
molecular mass agents such as veratryl alcohol, Mr^^MvL^，hydrogen peroxide and 




investigation suggest most of the P-glucosidase activity is retained in sheath before being 
released into the culture liquid. When V. volvacea hyphae were grown in submerged 
culture in the presence ofsurfactants (e.g. Tween 80), increased amounts ofenzyme were 
detected in the culture fluid (Cai et al. 1994). Further study is required to show i f 
surfactants such as Tween 80 stimulate the removal of the hyphal sheath structure. 
Treatment of conidia with Triton X-100 has also been reported to release endoglucanase 
bound to T. reesei conidia (Kubicek et al. 1988). 
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Appendix I : Determination of glucose by Somogyi-Nelson method 




12g Na-K Tartrate (4H2O) 
4g CuSO4.5 H2O, dissolved in ml distilled water dissolved in 290ml distilled 
water 
m ) solution 
180g Na2 SO4 dissolved in 500ml，boiled and cool; 
Add (A) to (B) and dilute to 1 litre. The solution is filtered after two days through 
Whatman filter paper No. 4. Store the filtrate at 37 °C. 
2. Nelson reagent 
(C) solution 
25g OSfH4)6Mo24.4 H2O dissolved in 450ml H^O 
(D) golution 
21ml conce. H2SO4 mixed with 3g Na2AsO4.7 H2O which has been dissolved in 
25ml H2O 
Mix (C) and (D), dilute to 500ml 
Store at 37°C for two days before use. 
3. Procedure 
0 
Mix 3 ml sample with 1 ml Sompgyi reagent, boil for 15 min, cool then to room 
temperature. Add 1 ml Nelson reagent and mix well. Centrifiige at 300 x g i f precipitation 
occurs. After 20 min, read A520. 
� 
Appendix I I : 
Methods Programming for FPLC HVIono 0 ) 
0.00 CONC %B 0.0 
0.00 ML/MIN 0.5 
0.00 CM/MIN 0.5 
5.00 VALVE.POS 1.2 
5.00 PORT.SET 6.1 
5.00 CLEAR DATA 
5.00 MONITOR 1 
5.00 LEVEL % 5.0 
5.00 MESf/MARK 1.0 
5.00 INTEGRATE 1 
10.00 CONC %b 0.0 
10.00 VALVE.POS 1.1 
25.00 CONC %B 100 
29.00 E^TEGRATE 0 
29.00 PORT.SET 6.0 
29.00 PRT PK 1.05 
29.00 CONC %B 100 
33.00 CONC %B 0.0 
35.00 CONC %B 0.0 
END OF METHOD 
where B represent the buffer containing sodium chloride controlled by the B 
pump. 
Methods Programming for PhastGel 
l .SDS- or native PAGH 
*.2 Down AT OVh 
*.3 Up AT OVh 
*.2 Alarm AT OVh 
*.1 250v/10mA>^3.0w/15^C l V h 
*.2 50v/10mAy3.0w/15°C 6 V h 
*.3 250v/10mAy^3.0w/15°C 60Vh 
2. IEF-PAGE (3-10) . 
*•2 Down AT OVh 
*.3 Up AT OVh 
*.1 Alarm AT 73 Vh 
*.1 2000v/2.5mA/3.5w/15°C 75 Vh 
*.2 200v/2.5mA/3.5w/15°C 15Vh 
*.3 2000v/2.5mAy3.5w/15。C 410Vh 
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